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Measurement of Flame Speeds by a Nozzle 
Burner Method ' 


Carl Halpern 


The literature records a great many measurements, using stationary flames on burners, 


of the speed with which flame moves through combustible mixtures of gases. 


Despite the 


fact that the method itself seems reasonably simple, the results obtained by various investi- 


gators often are not in good agreement. 


One of the phases of a program of research on com- 


bustion has been a study of some of the reasons for the differences among recorded values 


of flame speed measured by the burner method. 


The primary objective of this task has been 


to develop the precautions that should be observed in applying the method, rather than to 


evolve numerical values of flame speed. 


This paper describes progress that has been made 


since the apparatus was described originally in 1951, and presents values of flame speeds of 
methane-air mixtures obtained since then, together with comparisons of these values with 


those obtained by two flame theories. 
1. Introduction 


The capabilities and limitations of equipment 
designed for measuring flame speeds 
the fundamental burning velocities have been 
described in previous publications [1, 2].2. Briefly, 
this apparatus is designed for producing stable 
Bunsen-tvype flames above nozzles, from which the 
unburned mixture emerges at practically uniform 
velocity. 
ing initial mixture composition, temperature, and 
pressure, and for making direct and schlieren photo- 
graphs of the inner flame cone. In the course of 
attempts to obtain values of burning velocity that 
are independent of the apparatus, a considerable 
number of the possible reasons for such dependence 
have been identified. 
have been eliminated and the effects of others have 
been reduced materially. It is hoped that this 
record of the precautions that have been found 
necessary in the measurement of burning velocities 
by a burner method may be useful to those who may 
choose to apply the method in the future. 


2. Apparatus 


The apparatus, patterned on that of Johnston [3], 
was described previously in reference [1], but since 
then numerous changes have been made to improve 


itsperformance. A brief description of the apparatus 
will be given and the major changes described fully. 
Aschematic diagram is shown in figure 1. There are 
two separate systems for metering and controlling 
the rates of flow of fuel and air. The fuel is bottled 
methane, 99.65 percent pure; impurities are carbon 
dioxide, nitrogen, and ethane. Air is provided by 
the laboratory supply at 90 lb/in.? gage. Each sys- 
tem comprises a pressure regulator, a drying unit, a 
thermocouple to measure gas temperature, a sharp- 
edged orifice, a manometer to measure the pressure 
drop across the orifice, a manometer to measure 
pressure in the system, a flow controller, and a con- 
trol valve. A micromanometer, read to 0.001 in., 


The work described in this report was sponsored originally by the Bureau of 
Aeronautics, Department of the Navy 
‘Figures in brackets indicate the literature at the end of this paper. 
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approaching | 


Provision is made for varying and measur- 


Some of the disturbing factors | 





can be connected to read the pressure drop across 
either orifice. Standard well-type manometers, read 
to 0.01 in., are used to measure other pressures. The 
burner assembly comprises a stainless-steel approach 
tube, 38 in. long and 1's-in. i. d., a chamber for heat- 
ing the gas mixture to a constant temperature and 
for smoothing the flow of the gas, and a nozzle. 
Fuel and air are mixed and introduced at the base 
of the approach tube. The calming chamber and 
nozzle are enclosed in a steel box, having plate-glass 
windows, which may be pressurized or evacuated. 
The double-pass noncoincidence schlieren system 
comprises an air-cooled mercury-vapor lamp, a colli- 
mating lens, a 90° prism, a first knife edge, and 8-in. 
first-surface spherical mirror, a second knife edge, an 
image-forming lens, and a 35-mm camera body. 
Drying systems: Originally it was planned to use 
the fuel and air saturated with water vapor. But as 
the amount of water vapor in a gas depends on its 
temperature and pressure, both of which are variable, 
and the calibration of the orifices involves the density 
of the gas, it was decided to dry the fuel and air to 
avoid uncertainties caused by fluctuating water con- 
tent. The drying system for air, which is first passed 
through a filter to remove scale and oil, comprises a 
column of activated alumina followed by a cold trap 
immersed in a slush of drv ice in a mixture of carbon 
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FIGURE 2 Constant temperature nozzle and calming chamber 
chloroform at a temperature of 
about 112° F. The air is then warmed in a heat 
exchanger by tap water. The alumina column con- 
tains a built-in heating unit so the contents may be 
reactivated in place. The drying system for methane 
consists only of the cold trap and heat exchanger. 
Water content is thus kept at 0.03 percent by volume. 
Orifice s: The sharp-edged orifices were recali- 
brated several times because some discrepancies in 
calculated rate of gas flow were discovered. Cali- 
brations obtained after correcting for or eliminating 
all known sources of error are felt to be accurate to 
about 0.5 percent. Orifices of extended range for use 
with larger nozzles, and new improved orifice holders 
have been built. Thermocouples made from specially 
calibrated wire are used to measure gas temperatures. 
Emf from these couples is measured by a precision 
electronic potentiometer to about 1 uv, or 0.04° F, 
The constant-temperature calming chamber and 
nozzle are shown in figure 2. Three nozzles of \-, 
%-, and 1\\s-in. port diameter were built. 
bustible mixture enters the chamber from the burner 
tube, passes through the perforated plate, consisting 
of spirally wound coils of *{s-in. copper tubing, hard 
soldered to the under side of a copper disk, through 
copper gauze screens into the calming region above, 
and out through the nozzle. The nozzle and cylin- 


tetrachloride and 


The com- | 


drical sides of the chamber are wound with copper | 


tubing, which is hard soldered to the surfaces. The 
lip of the nozzle contains a channel connected in series 
with the coils. The three coils that completely en- 
velo, the calming chamber and nozzle are mani- 
folded and insure that the entire volume above the 
copper plate is practically isothermal. A thermo- 
couple well made of 18-8 stainless steel tubing 0.090- 
in. o. d. and 0.010-in. wall thickness is mounted in 
the geometric shadow of the nozzle and is silver 
plated to decrease the effects of radiation. The hot 
thermostatically controlled fluid circulated through 
the coils is Plexol 201, a proprietary synthetic lubri- 
cant. The maximum temperature that can be used, 
about 350° F., is considerably below the boiling point 
of the liquid, which is about 500° F. Cavitation in 
the pump used to circulate the liquid appears to be 
the limiting factor. Temperature of the gas flowing 


through the calming chamber and nozzle can }y 
controlled to +0.5° F. 

When the -in. nozzle and calming chamber wep. 
first put to use, turbulence induced by the gas issuing 
from the perforated copper plate resulted in a dis. 
turbed flame. A layer of glass wool on the coppe 
plate retained by a 60-mesh copper screen was suf. 
ficient to smooth out inequalities in the gas floy, 
through the -in. nozzle. These measures were jp. 
adequate for the %-in. nozzle, and it was necessary 
to use two 325-mesh screens above the plate and 
partly to stuff the approach tube with steel wool 
The 1 46-1n. nozzle could not be placed in Service 
because a flame of required quality could not be 
formed despite many attempts to smooth the gas 
flow. The measures taken to improve the gas flow’ 
through this large nozzle, however, greatly improved 
the performance of the smaller nozzles. The per- 
forated copper plate in the calming chamber was re. 
designed and lowered. Six 325-mesh screens and 
spacers were installed, and the use of glass and sted 
wool was discontinued. It is felt that improperly; ont 
smoothed gas flow rather than any inherent insta? loci 
bility of large flames is the cause of the failure tos oloci 
obtain a satisfactory flame on the 1}i6-in. nozzle. 0 an 

Schlieren system: A condenser discharge type of . 
power supply to supplement the original power sup- 
ply for the mercury-vapor lamp was built to provide 
a high-intensity flash to permit the study of dis-) here 
A |-uf condenser is charged to 2,800 ¥) f th 
and discharged through the lamp. An auxiliary) he a 
series gap, ionized by an automobile spark coil, 8° Bei 
used to insulate the capacitor until the flash is dejrue 
A flash with a duration of about 30 usec sf ctor 
obtained. juixtu 

A 35-mm camera is photograph thethe « 
flame, and all measurements are made from enlarge; pnsix 
ments, which are printed on aerial mapping papetof acc 
having a minimum of shrinkage. Only the bodyjors | 
and the focal plane shutter of the camera are used. jainin 
The camera lens is removed, and an achromatic lensfjame 
of 60-cm focal length, placed a suitable distance. As 
behind the second knife edge, forms the image onj}rst ¢ 
the plane of the film in the camera. To record 7 atiol 
visible and schlieren images simultaneously on thejyas 
same film, the intensity of the light from the lamp, pex | 
is decreased by a variable-density filter until the? he r 
two images are equal in intensity in the view finder} as y 
of the camera. <A section of a machinist’s seale By eloej 
positioned on the nozzle and photographed so the} nce 


turbed flames. 


sired. 


used to 


exact size of the photographed flames can be} iixtu 
determined At 

: ; ee atil 

3. Measurement of Burning Velocity eth 

roth | 


The true burning velocity is the velocity of pro-} aneo 
pagation of a flame, normal to the flame front), j5)) 
relative to the unburned mixture. lt thus 4 mete 
property of the mixture of fuel and oxidant, and OF hich 
the physical condition of the mixture and is independ: | - 


IS 


> ° ° ° ° ' ct 
ent of the apparatus in which it is measured.?,,.., 
Ideally, if the veloclty of the unburned gas ISSUING} f the 


from the port of a burner is uniform and the gas 
flow is parallel to the axis of the burner, the flame 
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IS and 
d steel 
‘operlyj;ont is a perfect right cone. The true burning 
insta; elocity is then equal to the component of the 
lure tos elocity of the unburned gas, which is perpendicular 





“die aho ‘ ad no ‘ h 


pie thane a 


zie. 9 an element of the cone, and is given by 
ype ot. 
‘Tr Sup- S,;=—U, sin a, (1) 


rovide 
of dis) here S,is the true burning velocity; Uy, the velocity 
2,800 +} the unburned gas; and a, one-half the angle of 
xiliary he apex of the flame cone 
coil, 8’ Because the values reported in the literature as 
is deirue burning velocity differ so widely, obviously 
usec Bf ctors other than properties of the bustible 
juixtures or their physical conditions have tm/iuenced 
h thethe determinations. These cannot therefore 
large; onsidered true burning velocities with any degree 
paperof accuracy, and until effects of these disturbing fac- 
body dors have been shown to be either eliminated or 
‘used. jninimized, values presented here will be termed 
1¢ lensflame speeds 
stance As described in 


col 


reference [1], flame speeds were 
ie ORfrst calculated, using eq (1), from a group of obser- 
rd the ations in which the image of the schheren 
m thejvas projected on a ground-glass screeen, and _ its 
- lamp} pex angle was measured directly by a goniometer. 
il the? he results showed a variation of flame speed with 
finder}.as velocity of 30 percent over the range of gas 
cale 8 elocities of 3 to 5 fps, and are inconsistent with the 
30 the meept of burning velocity as a property of the 
in be} uxture and its state only 
At this point, a photographie study of flames was 
pegun. Figure 3 photograph of a typical 
Vv puethane-air flame atop a nozzle burner, showing 
Poth the luminous and schlieren Hagges taken simul- 


cone 


IS a 


f PIO} sneously. The bases of both the schlieren and 
front, isible cones were found to be larger than the di- 
hus 4 meter of the port The base of the schlieren cone, 
ind Of} hich is defined by extending straight lines through 
pend jie center of the sehlieren trace to the top of the 
sured, urner, was found to vary both with the velocity 
SSUINE } f the gas and with the fuel-air ratio” The diameter 
le ga?’ ——_____ 

flame), 5 alr ratio (F/A ae CF te SO ee 
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FiGuRE 4 
with gas 


of the base of the schlieren cone decreases as the 
gas velocity increases, and this effect is illustrated 
in figure 4. Using a nearly stoichiometric fuel-air 
mixture (F'/A), at a constant nozzle temperature, 


(T,), the diameter of the base of the schlieren cone, 
(D.), was 0.573 in at a gas velocity of 3 fps but 


decreased to 0.521 in. at a gas velocity of 7 fps. The 
slight increase in diameter of the base of the schlieren 
cone with fuel-air ratio is illustrated in figure 5. At 
a constant gas velocity of 6 fps and a fuel-air ratio 
of 0.057, the diameter of the base of the cone was 
0.526 in., whereas at fuel-air ratio of 0.067, the 
diameter was 0.531. Temperature of the combusti- 
ble mixture was about 75° F. The diameter of the 
port of the nozzle is 0.504 in. at room temperature. 

Previous tests had shown the flow of gas issuing 
from the nozzle in the absence of burning to be uni- 
form and the velocity profile to be flat, so that this 
lateral expansion, which leads to an increase in the 
diameter of the base of the flame cone, must be caused 
by burning. Particle track studies [4] of burner 
flames show that the gas flow tends to diverge from 
parallel both at the rim of the burner and in the 
preheat region just ahead of the zone of combustion. 
It is widely considered that quenching of flame occurs 
at the rim of a burner, which acts as a sink for heat 
and active particles, and quenching may affect the 
flow of the gas. There exists a dark space just above 
the rim into which some of the combustible mixture 














may flow. It is also conceivable that air may infil- 
540 
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trate into the dark space, cooling the gas and lowering 
the flame speed adjacent to the nozzle. The flow of 
gas through the nozzle, especially at low velocities, 
may be subject to the “teapot effect” [5}, in which 
the effluent gas clings to and flows along the rim of 
the nozzle. 

Because eq (1), which requires measurement of 
only gas velocity and the angle of the flame cone, 
does not yield reliable values of flame speeds, a means 
was sought to improve the reliability of the results. 
[t was found that if eq (1) is modified by the empirical 
factor (D,/D-.)*, where D,, is the diameter of the port 
of the burner, and D, is the diameter of the base of 
the schlieren cone, giving 


(Pay sin a, E 


dD. 
the flame speed shows relatively little variation with 
gas velocity. Equation (2) is merely another way of 
expressing the well-known area method of calculating 
flame speeds: 


S, 


S,= V/A, (3) 


where V is the volumetric rate of flow of the unburn- 


ed gas, and A is the surface area of the flame. For 
purposes of calculation, eq (3) may be written as 
: iV 
S, >, SIN a. (4) 
’ D2 


This requires a measurement of the angle of the apex 
of the schlieren cone and the diameter of the base of 
the schlieren cone. Use of eq (4) (termed the perfect 
cone technique) reduced the variation of flame speed 
with gas velocity from 30 percent over the range of 
gas velocities of 3 to 5 fps to about 4 percent over the 
increased range of 3 to 7 fps, at a gas temperature of 
about 75° F. Improvements to the burner and gas- 
measuring systems further decreased this variation. 

Another method of determining the total area, 
called the “‘planimeter technique,”’ based on a 
method described by Albright, Heath, and Thena [6]. 
Here, the surface area of the flame cone is calculated 
by 


is 


A rAyl h. (5) 
where A, is the area, determined by a planimeter, of 
the vertical cross section of the schlieren cone as seen 
on a photograph of a flame; /, the slant height of the 
cone; and fA, the height of the cone. Equation (5) can 
be transformed to 


A q(16AY DAV, (6) 


where only A;, the area of a vertical cross section of 
the flame cone, and J),, the diameter of the base of the 
schlieren cone, need be measured. The value of A sO 
determined is substituted in eq (3) to determine S,. 

Equations (6) and (4) assume that the flame 
surface is a pertect right cone, and the closer the flame 


| is to this ideal, the more nearly will these equation 
| apply. The planimeter technique appears to be mo 
| accurate for determining surface areas of flames , 
| low gas velocities than the perfect-cone techniqu 
At low gas velocities the sides of the flame cone » 
somewhat curved, and it is difficult to select a strajo 
line to represent the flame front; in fact, this is the 
retically impossible. With only a slight curvatup, 
however, the assumption of a perfect cone leads to 
reasonably close approximation. Areas obtain 
with the planimeter are usually somewhat small 
than those calculated by the perfect-cone technigq 
and lead to higher flame speeds. The most neajy 
theoretically exact method of measuring areas , 
flame surfaces that depart appreciably from conic; 
to divide the surface into a large number of segmen; 
and to sum those areas, is unfortunately laborioy 
and difficult. Precision will decrease as measurement: 
progress from the base to the tip because the image ¢ 
the cone is somewhat diffuse. When such measur 
meuts have been made, the total area has been fouy 
to be smaller than that calculated by the perfect-con 
method. 

Results obtained with the planimeter techniqy 
still show a variation of flame speed with gas velocity 


speed decreases with increasing gas velocity. A 
comparison of flame speeds obtained by the perfeet 
cone and planimeter techniques is presented i 
figure 6. The observed difference ranges from ; 

















minimum of about 0.4 percent at a gas velocity 0 
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| diameter of nozzle Asan 


7 fps to about 1.4 percent at 5 fps. If, however, w 

ignore the observation by the planimeter method a 
| 5 fps, which appears to be out of line with the rest 
| the maximum difference remaining is less than 
percent. Best results by either method indicat 
that the variation of flame speed with gas velocity 
has been reduced to about 1.5 percent in this range 
Precision of measurement is the same in both tech 
niques, about 0.25 percent. This small variatior 
may be a result of averaging the flame speed ov 
the entire flame surface. Near the tip of the flam 
cone, because of the strong curvature, the flam 
speed Is probably highest; whereas at the base, du 
| to the presence of the burner rim, it is lowest [7]. 


| 


| 4. Some Factors Affecting Flame Speed: 


4.1. Gas Temperature 


Some of the heat liberated by a flame is inevitabl 
transferred to the burner and thence to the gas tha 
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but the variation is linear, and the measured flam 
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‘ect-con 
is flowing through it. Thus thermal gradients may 
chniquhe set up, With the gas nearest the wall being the 
velocity hottest, and the over-all temperature of the combus- 
‘d flamtjble mixture at the burner will be higher than the 
city. Atemperatures of the fuel and air measured upstream. 
perfect. {ny calculation of volume rate of flow that ignores 
nted this heating will be in error. The temperature 
from icradient may lead to a distorted flame. Use of a 
Ocity Oo eonstant-temperature nozzle and calming chamber 
is an attempt to insure that the temperature of the 
gas in the nozzle is known and that thermal gradi- 
ents are at a minimum. As shown in figure 7, the 
flame speed is greatly affected by the initial tem- 
perature of the combustible mixture. (The flame 
speeds reported hereafter are averages of the values 
al obtained by the perfect cone and planimeter tech- 
niques.) Over the range 100° to 325° F, the varia- 
» planin tion of flame speed with initial temperature is nearly 
112° F linear and amounts to 0.0048 fps/° F. At 100° F, 
the flame speed is 1.305 fps, whereas at 320° F, it 
is 2.361 fps. The fuel-air ratio was 0.062, approxi- 
ver, W mately the value for maximum flame speed, during 
thod a this series of observations, and the unburned gas ve- 
he rest locity was 6 fps. In view of this relationship be- 
than ‘tween flame speed and initial temperature, the 
ndicat initial temperature of the combustible mixture must 
relocity be controlled and specified if reported values of flame 
; range speeds are to have any significance. 


—, 





h tee! 
iriatio! 4.2. Mixture Ratio 
“ ove ny . . . ° ° ° 
in The variation of flame speed with mixture ratio 
flam at constant gas velocity was determined for three 
di initial gas temperatures. The %-in. nozzle was used, 
Sst, jt . 


f=, . and the gas velocity was 6 fps. The fuel-air ratio 
7). was varied from 0.054 to 0.072, and gas temperatures 
of 84.4°, 100°, and 120° F were used. A gas tem- 
peec perature of 84.4° F is the lowest that can be main- 
tained at the nozzle by circulating oil, which is cooled 
ina heat exchanger by tap water. Results of these 
vitab) experiments are shown in figure 8. The maximum 
as thy flame speed is found at a fuel-air ratio close to 0.062, 
and there seems to be no definite displacement with 
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| Figure 8. Effect of fuel-air ratio on flame speed at three 

inburned gas temperatures, Uy=6 fps, diameter of nozzle 
ain 


| temperature over the limited range covered here. 

Further measurements were made of flame speeds 
of methane-air mixtures at gas temperatures at the 
burner nozzle of 280° and 330° F, using the ‘-in. 
nozzle. The velocity of the gas in the nozzle was 
varied from 4 to 7 fps at 280° F and from 5 to 10.2 
fps at 330° F. The fuel-air ratio was varied from 
0.054 to 0.072 except at a gas velocity of 10.2 fps 
and a temperature of 330° F, where the leanest mix- 
ture that would burn was at fuel-air ratio 0.056; 
below this, the flame blew off the nozzle. Variation 
of flame speed with fuel-air ratio at constant gas 
velocity and at 280° F is shown in figure 9, and at 
330° F in figure 10. The maxima are seen to have 
shifted at the higher temperatures to slightly richer 
mixture ratios. The large effect of mixture ratio on 
flame speed is, of course, obvious, and emphasizes 
the fact that the fuel-air ratio must be specified in 
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FIGURE 9 Effect of fuel-air ratio on flame speed at constant 
gas velocity 


T,,= 280° F; U,=(a) 4 fps; (b) 5 fps; (c) 6 fps; (d) 7 fps. Diameter of nozzle= 
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defining a value of flame speed 
flame speeds 
maxima occur, at 
in table J 


The 


and the fuel-air ratios at 


maximum 
which 
various gas velocities. are 


these 
shown 


4.3. Gas Velocity 


If, as mentioned earlier the measured flame speed 
or burning velocity Is a property of the combustible 
mixture only, and is not influenced by the | urner or 
associated equipment, the values obtained will be 
expected to be inde pendent of the us 
That 


us 


velocity, 1 
the measured values are not Independent of 
velocity is shown in figures 1] 


f where 
flame speeds obtained at initial 


and 12, 


mixture tempera- 
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} apie 1.2 Maximum flame speeds at given fuel-aiy ratio 
Fuel-a 
Gias velocity ratio f Gias temper Flame Spee 
naXxtimu ture 
flame peed 
I fps 
b 0. O814 si4 1. 233 
wii 100) 1. 283 
Hh OTS 1 l $64 
4 (Wid 2.212 
(ici op 2 20) 
‘ Wi, 2.16 
‘ Ons 2. 180 
) O23 2. 457 
th 063 2 400 
i ie ‘ 2 42% 
i OSE a 2 ~~ 
9 (Mis 2. 372 
10.2 OS 2 36) 
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wn 


on flame peed at constant 


280° and 330° F, respectively, seen to 


lecrease mn practically all eases as gas velocity In- 


tures of are 


reases. Reasons for this dependence on gas velocity 
are obscure, but changes in apparatus and analytical 
methods described above have reduced the variations 
Irom as much as 30 percent to those found here. 

. Variation of flame speed with gas velocity at the 
ower temperatures about 1.5 percent the 
average, increased to about 2 percent at a gas temper- 


Was on 


ature of 280° F, and increased still further to an 
average of about 3.5 percent at a temperature ol 
30° KF. This increase with temperature may be a 


result of increased convection in the air surrounding 
the flame induced by the temperature difference | 


between the air and the nozzle. Stability of the 
flame may have been affected by this increased 
convection. 

The greatest variation of flame speed with gas 
velocity at 330° F was about 7.5 percent over the 
range of gas velocities from 5 to 9 fps at a fuel-air 
ratio of 0.054. This decreased as the mixture became 
richer, to about 5 percent at 0.056, and to 1 percent 
at a ratio of 0.066. The mixture apparently is near 
the lean blow-off limit at a mixture ratio of 0.054 
because this mixture would not burn at 10.2 fps, so 
the values at 0.054 may not be trustworthy. If 
these values are disregarded, the average variation 
at a gas temperature of 330° F of flame speed with 
gas velocity is about 2.8 percent. 


4.4. Nozzle Size 


Variation of flame speed with gas velocity may be 
due in part to quenching of the flame by the burner 


rim. If the size of the burner port is increased, it 
might be expected that this variation would be 


reduced because the ratio of burner rim to flame area 
decreases as the diameter of the port increases. 
Earlier workers [8] had reported that the size of 
the burner does affect the flame speed, although 
their burners were much smaller than the ones used 
in the present work. It has also been suggested that 
there exists a size above which the flame speed is no 
longer affected. The nozzle with the %-in. port 
was built to test this suggestion, and the results with 
it were compared with those obtained with the }-in. 
nozzle. First results indicated that measured flame 
speeds were higher with the %-in. nozzle, and that 
the variation of flame speed with gas velocity was 
reduced over the range of gas flow from 3 to 7 fps. 
When, however, the gas flow was improved, oscilla- 
tions were eliminated, and better control of gas 
temperature was established, the results showed no 
appreciable difference between the two nozzles. The 
variation of flame speed with gas velocity was about 
1.5 percent in both over the range of gas velocities 
from 3 to 7 fps. 


4.5. Oscillations 


Oscillations were encountered in the flames during 
attempts toJplace the %-in. and ies-in. nozzles in 
operation. At times the tip of the flame cone flue- 
tuated wildly, and a low-pitched buzzing was heard. 
To investigate this, a study of disturbed flames was 
made in which photographs, some of which are shown 
in figure 13, were taken at exposure times of 1/1000 
sec and 5 sec at gas velocities of 3, 4, 5, 6, and 7 
fps. Photographs taken at 1/1000 sec, which show 
only the schlieren image, are sharp, whereas those 
taken at 5 see have the added visible image and are 
rather blurred; the taller flames are most disturbed. 
Because the camera has a focal plane shutter, what 
is seen in these pictures is a combination of the 
motion of the flame and the shutter. 

High-speed motion pictures of these flames showed 
a series of pulsations beginning at the base gand 
traveling up to the tip of the flame cone. Figure 14 
shows the appearance of these pulsations in_a picture 
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of a schlieren cone, taken by a high-intensity flash 
The pulsations were removed completely from the 
flame by lining the burner enclosure with acoustic 
tile 

Comparison of oscillating and quiescent flames 
show that there is less scatter in measurements made 
on quiescent flames, but no significant difference is 
seen in the magnitudes of flame speeds derived from 
measurements of instantaneous photographs of the 
two types of flames. There is no difference in values 
obtained from instantaneous and time photographs 
of quiescent flames, but flame speeds obtained from 
time exposures of oscillating flames are excessively 
high. This latter effect may be caused by the in- 
creased Intensity of the schlieren image, due to the 
horizontal knife edge, which results when the ineli- 
nation of the side of the cone increases as a pulse 
travels up the cone. A time exposure of an oscil- 
lating flame thus would have greater intensity toward 
the inner edge of its blurred image and give the 
appearance of a smaller flame FiGgurRE 14 Oscil 1 methane-atr 
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5, Comparison of Experiment With Theories 


The variation of flame speed with initial tempera- 
ture had been determined for a methane-air mixture, 
FA=0.062, at a gas velocity of 6 fps for the tem- 

ature range 312.5° to 434.9° K (102.7° to 323.1 
Mand data were thus available for a comparison 
of the experimental results with those predicted by 
Smenov’s thermal theory and Tanford and Pease’s 
diffusion theory. Semenov’s equation [9] for flame 
speed, assuming a bimolecular reaction, is 


2) ,Ka,c,.-2/ 77,\? : 
s-| ( ar )(- SD ) 


where 


Again following Dugger, this is reduced to 
(10) 


where D,, is the relative diffusion coefficient of 
the given radical with respect to the other radicals, 
Ty is the initial temperature, and 7’,, is the average 
of initial and flame temperature. 

Flame temperatures were calculated by the method 
of Hottel, Williams, and Satterfield [12]. Equilib- 
rium partial pressures of hydrogen atoms, hydroxyl 
radicals, and oxygen atoms were calculated by the 
method of Huff and Calvert [13]. The activation 
energy, /, was taken as 26 keal/g mole [14]. 


S,c[(SpiD,,2) To Ta} 


In figure 15, where temperatures are in degrees 
Kelvin and flame speeds are in centimeters per 
second, curve AB represents the experimental data; 
AC is calculated by Semenov’s equation; AD is 
calculated from Tanford and Pease’s equation, using 


Sp),.=6.5 pat+pPou+po, and AE is calculated 
7)= initial temperature, ° K from Tanford and Pease’s equation considering 
7’,=flame temperature, ° K only py. Only the shape of the curves can be 
p—density of gas mixture, g/em calculated; the calculation of absolute values of 
\,-—= thermal conductivity at 7’, cal/em sec °K | flame speeds depends on too many quantities that 

Cs), Cp = Specific heat at 7), and mean specific heat, | are uncertain or even unknown. The Semenov 
T, to T;, respectively, eal/°K g equation reproduces the shape of the experimental 

7 , > ’ . ? > . . . . . 
| _ moles of reactants/moles of products curve well, although it tends to diverge as the initial 
n temperature increases. At 434.9° K, the divergence 

| u 

D),= diffusion coefficient at 7, em/see amounts to about 5 percent. Curves AD and AE 
gas constant, cal/g mole K from Tanford and Pease’s equation are almost 





= activation energy, cal/g mole 
constant from the Arrhenius reaction rate 
equation 
a)—number of molecules per unit volume of 
combustible in initial mixture. 


Following Dugger's treatment [10], eq (7) reduces to 


coincident, but the fit to the experimental data is 
not as good. At 434.9° K, there is a divergence of 
about 15 percent from the experimental curve. 
The thermal theory thus appears to predict the 
effect of initial temperature on flame speed better 
than does the diffusion theory. However, as rather 
drastic assumptions were made in applying both 

















y E/RT 2? 
S,«( 7,°T —7ra } (8) 
1 T’,) 
The Tanford and Pease equation [11] for flame 
< eed Is 
Q’ \'2 
S, (z DDR L , Q ro 
pDk Log ) 3 
E€ 
Oo 
ere = 
w 
a 
» . ” 
p,—mole fraction or partial pressure of a given 3 
active particle in the burnt gas < 
D,—the diffusion coefficient of the active particle . 
into the unburnt gas 
h: a rate constant for reaction of an active 
particle with the unburnt gas 
L—number of molecules per cubic centimeter of 
gas at some mean temperature —— — 20 
(-’--mole fraction of combustible in the unburnt INITIAL GAS TEMPERATURE ,°K 
ras . - 7 ° 
Bu Figure 15. Comparison of experimental values with those 


(?—mole fraction of potential combustion product 
in the burnt gas 


calculated from equations of Semenov and of Tanford and 
Pe ase, 


B.—term near unity, arising from radical re- ; 
; : 1B represents NBS; AC, Semenov; 4D, Tanford and Pease, 6.5 pa+po+DPou; 
combination. 1E, Tanford and Pease, pu onls 
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theories, it is possible that they were more favorable TABLE 6 
to Semenov’s equation. Selection of the preferred 

theory from the data presented here therefore 
should be made with caution, if at all. 


6. Experimental Observations 


Variation of flame 


uel-alr 
ratio 


Flame 
speed 


Gas temperature 


. . . . . 0. OF41 
Observations of the effects of some variables on | 0561 
. - > > ‘) OAS0 
the flame are presented in detail in tables 2 to eco 
| O6819 
TABLE 2 Variation of diameter of base of schlieren cone with 
gas velocity, at 75° F, fuel-air ratio=0.058 
0. 0542 
Diameter Diameter 0560 
Gas of base of Cias of base of O5SI1 
velocity schlieren velocity schlieren mol 
com cone 0621 
{ps fps 
$ ( 7 { uy 
4 | ‘ » 
{ { 21 
O541 
wee 
OSS 
TABLE >. Variation of diameter of base of schlieren cone with oy 
e a . . O820 
Juel-air ratio, at /9 F, gas ve locit j Of ps 
Diameter Diameter 
Fuel-air of base of Fuel-air of base of 
ratio schlieren ratio schlieret 
come come 
0.0541 
iy O56] 
0. O57 0. 525 0. 063 0. 529 O58) 
O58 523 O64 520 O60! 
059 527 O05 530 W22 
060 526 006 529 
O61 7 OT 1 
O62 2s 
0 0544 
O64 
TABLE 4 Variation of flame speed with gas velocity at 112.3° F, a 
"es WHY 
fuel-air ratio O 062 0624 
Gas Flame (ia F lame 
elocity speed elocit y peed 
0537 
s 
Perfect cone technique ore 
0507 
61S 
ps fps x 
; 1. 362 ‘ 
{ 1, 353 12 
l 1 
su 
b) Plan t ect yu ) 
7u 
"4 
1. 370 36 : 
619 
i 1. 366 ‘ 
l 
TABLI 5 la ation of flame speed pith te pera é é a 
ratio U.062, gas velocity tp 0540 
60 
si) 
win 
remper I 1) 20) 
ture [unt 1 I 
} 2 } 
12. 7 lt ZA mIU 
1A ft | ; 24 ; 
138. 3 44 22.4 2. 02S lala 
159.7 1. 550 Ont). 4 F Sf) 
181.1 1. 1.32 2s 2 ” wun) 
3. ¢ ! { 2% | ) i) 
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2.176 
2. 108 
(ia 
1. 87 
1. 997 
2. 128 
2. 16] 
G 
1. yi 
2. 026 
2. 101 
2. 141 
2. Is 
i 
Ga 
2. 284 
2. 34 
2.414 
2. 447 
2 468 
G 
2. 122 
4 ~, 
2. 407 


Ss pee 


F ur 
ratio 
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I is V¢ 


0. O68390 


OOSO 
0701 


0720 


10 


ture 


0. 0640 
O66 1 
OOS! 


0. 0643 
(tans 


OOS: 


0. 064 
O61 


OOS0 


0. 064 
itil 


OS 


with 


mixture 


Flame 
speed 
eity 6 tp 
fps 
1. 223 
1. 190 
1. 148 
1. 094 
1. 017 
1. 271 
1. 240) 
1. 186 
1. 13 
1. (64 
l > 5 
1. 321 
1. 268 
1. 19 
1.119 
2. 211 
2. 183 
2. 131 
2. 054 
1. 057 
2.197 
». 17¢ 
2. 104 
tas 
1. 800 
2. 161 
2. 13 
2. OS4 
2. O01 
1 SS 
> 
> 189 
2 yal 
1 vu 
1. 870 
2. 431 
9 Is 

Ls 
2 4 
Zz " 
14 


ratio 


TAB 








ratio TABLE 6 Variation of flame speed with mixture ratio—Con. | TABLE 7. Variation of flame speed with gas velocity—Con 
saciid 
| ——_— ——! 
a : an ; ne gg Flame Gas Flame Fuel-air Gas Flame Fuel-air 
ratio speed ratio speed velocity speed ratio velocity speed ratio 
7 | 
u ‘fps b. Gas temperature 330° F 
| | 
| amt oe | om | | me | foe me | ee, | | 
a ~~ > ) «.« é ob - 
SI 2. 367 0681 2. 3 ti 2.122 | 0. 054 9 2. 109 j 0.054 
O80 2 41 Oo701 2. 212 7 2 178 | 
0620 2 42 O721 2.079 g 2 257 
2. 347 | 9 2. 197 . 056 
6 2. 223 . 056 10, 2 2. 236 
HG Si 7 2. 299 | 
8 2. 336 1] 
‘ 2. 41 | ic) 2. 308 . O58 
0. O41 2. | 0. 0640 2. 402 6 2. 286 058 10. 2 2. 308 { 
Os 2. 257 0660 2. 365 r > 367 | 
O58 2. 336 O6S80 2 208 7 » 2 375 ') 
pomey 2. 375 0700 2. 215 2. 447 ) rf) 2. 336 . 060 
0621 2. 403 0721 2. 100 a 2 350) oan 10.2 2 350 [ 
7 2.410 | 
8 2.408 |) 
(9 ‘iy 2. 468 } 9 2. 367 . 062 
6 2. 407 O82 10. 2 2. 365 { 
7 2. 425 
0. 0541 2. 109 1. 0640 2. 369 8 2 402 
O560) 2 197 0660 2 329 E 2. 431 9 2. 369 064 
NASD 2. HS 0680 2. 270 6 2. 397 064 10.2 2. 358 | 
0600 2 336 O701 2 181 - 2 419 | | 
0620 2. 367 O721 2. 072 8 2. 365 
2. 377 } u 2. 329 } . 066 
| t 2. 364 > O66 10. 2 2. 341 
6) G 10.2 fps 7 2. 385 
8 2. 208 ] 
. ° 2. 308 ] 4 2. 270 . 068 
0. 0562 2 23% 0. 0660 2 341 6 2 343 ORR 10.2 2 283 { 
0580 2. 308 0680 2. 283 7 2. 306 
0600 2 350 0700 2.218 | s 2. 215 } 
0620 2. 35 0721 2 120 2. 186 9 2. 181 070 
0640 2. 358 6 2. 259 070 10.2 2. 218 { 
7 2.212 | 
8 2. 100 \] 
2.013 ] i) 2. 072 \? 072 
i 2.140 $ 072 10.2 2. 120 | 
7 2.079 | 
TABLE 7 Variation of flame speed with gas velocity y a Conclusions 
Gas Flame Fuel-ait Gas Flam Fuel-ait The apparatus for determining flame speeds has 
ss been improved so that stable flames, free from oscil- 
ices many lations, can be maintained on - and %-in. nozzles 
at temperatures, measured in the throat of the noz- 
. fp zle, up to 330° F. The size of the nozzles is such that 
on 1.875 1.054 there are no gross effects of the burner on flame 
speeds. Temperature of gas in the nozzle can be 
t é 4 t 1. 997 -oO » ‘ ° ° 
> OF ! 2 oo a controlled to +0.5° F. Calibration of the sharp- 
wane ne edged orifices used to measure the flow of gases is 
2. 122 , 2. 101 _ now considered to be accurate to 0.5 percent. 
2. 18 2. 128 Variation of flame speed with fuel-air ratio at 
(ve (ee? . . 
. 17 2. 141 constant gas velocity and constant inlet gas temper- 
2. 2008 ‘ 2. 161 | ature has been determined for a range of tempera- 
” (" Fr 
> 108 . 7 2 1st ™ ; «p« ) ‘ 
; tures up to 330° F. 
. + Wid : 2 ist} 06 Dependence of flame speed on initial gas temper- 
ature at constant gas speed was determined and the 
{ 2 18 f 9.135 | : . . 
. 18 on | 2 38 one result compared with that predicted by two theories 
, we ; = of flame propagation. 
14 _ 201 jf oo Variation of flame speed, at constant temperature, 
‘ 2.054 ; 2. 001 : with gas velocity has been reduced, (a) by using the 
ves 6p . area technique of measuring flame speed instead of 
57 1. 887 a the angle technique, and (b) by improvements in the 
1 xO < 1X70 + ; . hy "sa 
quality of the flame. Two different methods of 
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determining areas of the flame yield values of flame 
speeds that are in close agreement. From the study 
of photographs of flames, it was found that the 
diameter of the base of the schlieren cone increases as 
the fuel-air ratio increases, and decreases as the gas 
velocity increases. Conditions of flow in the nozzle 
during burning and quenching of flame by the nozzle 
undoubtedly are the cause of these effects. At an 
initial gas temperature of 112° F, 
flame speed with fas velocity over the range of fas 
velocities from 3 to 7 fps amounts to about 1.5 
percent. This variation the initial 
temperature increases. 

Since there still remains some variation of flame 
speed with gas velocity, contrary to theoretical 
expectations, it is evident that the measurement of 
true burning velocity has not been achieved. How- 
ever, in view of the relatively small variation remain- 
ing, it is reasonable to expect the values of flame 
speeds reported here approach closely the true burning 
velocity 


mcreases as 


Gerry H. Morgan, now of the University of Con- 
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experimental work and contributed to the design of 
the apparatus. Many thanks are due Frank R. 
Caldwell for helpful discussions and encouragement 
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Growth of Preferentially Oriented Aluminum 
Single Crystals 


Theodore H. Orem 


Monocrystalline aluminum specimens having both a preferential orientation and a speci- 


fied cross-sectional shape are very difficult to produce. 


Such specimens must be grown in a 


vertical furnace, a condition which, while permitting the choice of cross-sectional shape in 


the specimen, makes it extremely difficult to obtain specimens of preferred orientation. 


It 


is fairly easy to grow preferentially oriented monocrystalline aluminum specimens when a 
horizontal furnace is used, but the use of such a furnace limits the choice of cross-sectional 


shapes in the finished crystal. 
impossible to grow in a horizontal furnace. 


Crystals of circular cross-sectional shape are practically 


The method described herein can be used to grow monocrystalline aluminum crystals 
with any desired orientation or cross-sectional shape. 


1. Introduction 


Single crystals of metals are widely used in funda- 
mental research on metals. They are grown by sev- 
eral different methods, one of the most popular being 
the Bridgman method of slow cooling from the melt. 
The method consists essentially in causing a molten 
mass of metal to slowly enter a zone maintained at 
a temperature below the melting point of the metal. 
As this occurs, the small portion of the metal that 
enters the cool zone first, freezes. The remainder 
of the metal subsequently entering the cool zone will 
then solidify in accordance with the orientation of 
the initially solidified portion of the melt, if the rate 
of passage from the molten zone to the cool zone is 
properly controlled. 

The most popular way of growing single cry stals 
by this method is by the lowering of the molten 
metal from a hot zone in a vertical furnace into a 
zone Whose temperature is below that of the melting 
point of the metal, or by raising a furnace over a 
stationary molten mass of metal so as to cause the 
metal to freeze first at its lowest point. 

A variation of the Bridgman method makes use 
of a horizontal-type furnace in which the molten 
metal, in a boat-type container, is pulled slowly from 
the molten zone into a cool zone.’ 

It is often desirable that single crystals have their 
axes preferentially oriented. This is accomplished 
by a method generally known as “seeding.” It con- 
sists in attaching a small crystal of the metal to the 
sample that is to be grown as a single crystal, in such 
amanner that the crystallographic orientation of the 
“seed”’ is parallel to the crystallographic orientation 


desired in the single crystal to be produced. One 
adjusts the heating conditions so that the entire 


charge, with the exception of a small portion of the 
seed crystal, is molten. By properly controlling the 
rate of withdrawal of the melt from the hot zone, it 
is possible to cause the molten metal to solidify as a 
single crystal whose crystallographic orientation 1s 
identical with that of the seed. 


P. W. Bridgman, Pr 


«. Am. Acad. Arts Sci 
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| man method. 


When grown by means of a vertical furnace it is 
possible to produce single crystals of any desired 
cross-sectional shape. It is, however, very difficult 
to grow single crystals of preferred orientation in a 
vertical furnace because of difficulty in attaching 
and partially melting the seed crystal. It is rela- 
tively more simple to attach and partially melt a 
seed crystal in order to grow preferentially oriented 
single crystals in a horizontal furnace. In such a 
furnace, however, it is impossible to grow single 
crystals of a desired cross-sectional shape. 

Described herein is a method for growing single 
crystals of aluminum (mp 660° C) of any desired 
crystallographic orientation, using a vertical furnace, 
in order that crystals of any desired cross-sectional 
shape may be produced. 


2. Materials and Description 


The apparatus required for the production of 
aluminum single crystals of preferred axial orienta- 
tion consists of a vertical tube furnace, a means of 
controlling and recording temperatures within the 
furnace, a means of conducting heat away from an 
area within the furnace, the usual crucibles used for 
melting metals, and a special crucible for melting 
the seed crystal. The crucibles are machined from 
graphite. 

Figure 1 is a diagrammatic sketch of a furnace 
showing the equipment used for the seeding of 
aluminum single crystals grown by the Bridgman 
method of slow cooling from the melt. Figure 2 
shows longitudinal sections of the main crucible, the 
seed-melting crucible and the device used for con- 
ducting heat away from the seed crucible. This 
latter device is the means by which it is possible to 
melt just a portion of the seed. Also shown is a 
second seed crucible whose function will be explained 
later. 

In addition to the above, there is also required a 
quantity of seed crystals. These are aluminum 
single crystals, 4% in. in diameter by 2% in. long, 
which are grown in graphite crucibles by the Bridg- 
These are easy to grow and can be 
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| produced in multiple in a single crucible. The axig 
| orientation of the seed crystals is obtained by X-ra, 


[ if | diffraction methods. | 
The following procedure is used to assemble th 
? apparatus prior to the growing of preferential] 


oriented single crystals of aluminum. 
(1) The charge is melted and allowed to solidif 


in the crucible shown in unit 1, figure 2, its bottoy 
, having been fitted with a tightly fitting graphit 
: cap in order to produce a flat surface on the botto; 
of the ingot. 
(2) The seed is put into unit 2, and units 1 and: 
are put together. 
T (3) By means of a tightly fitted graphite rod, th 
seed is pushed up until it is seated against the lows 
surface of the ingot in unit 1. Units 1 and 2 are bot 
machined from graphite. 
. (4) The bottom of the seed receptacle is the —_— 
placed in unit 3, the cooling device, the seed recep 
tacle bottom having been machined so that it wi] 
fit snugly into unit 3. The receptacle of the coolin 
+ device is of copper, nickel-plated, and the long tub; orients 
vv. is of aluminum. The ring used to connect the nickel grown. 
GH | plated copper receptacle to the aluminum tube is o jn uni 
Ah copper, tightly fitted into the receptacle, the alumi! this ti 
att | num tube in turn being tightly fitted into the con grounc 
| necting ring. The aluminum tube should be of sue the bo 
length so that it extends out into the atmosphere, @  Figu 
shown in figure 1. diffrac 
The object of the cooling device is to conduct jus seed « 
| | enough heat away from the bottom of the seed re ingots 


ceptacle so that only the upper portion of the see¢ incider 
will melt. Then, upon slowly lowering the entin axes « 
—s assembly in the furnace, the melted portion of th 
seed and the melt in unit 1 will freeze and assum 
the orientation of the unmelted portion of the seed 
Ficune 1. Diagrammatic sketch of vertical crystal-growing The correct furnace temperature to permit just par 
furnace showing “seeding” device | tial melting of the seed is obtained by trial, using : 
Approximately one-tenth size. thermocouple in the immediate vicinity of the r 
ceptacle of the cooling device to obtain the correc 
temperature for a specified location of the entir 
assembly in the furnace. It is suggested that seed 
of undesirable axial orientation be used in the de 
termination of the correct furnace temperature 
because, until this temperature is established for 


A N UNIT! 1 4 fixed position of the assembly in the furnace, thet 
N e UNIT 2a is a possibility that the entire seed might be melted 
N N \V7 This temperature can usually be established after : 
y N Ay few trial runs. Once this temperature has_ bee 
N N VA | fixed, the same percentage of seed can be melted o 
N N UNIT 3 | VA each subsequent run, provided the assembly is place: 
N A (24 | in the same relative position in the furnace eac! 
NA | time. Seed crystals melted in this manner may b 
Farce used over and over again. 
AH Y P It is possible that many seed crystals may b 
GCAg UNIT 2 grown without obtaining any having the exa¢ 
17 axial orientation desired. It is possible, however 
YAY to obtain seeds having axial orientations withi 
AY several degrees of being parallel to the desire 
ac | orientation. Such seeds can be used for growing 
sates | preferentially oriented single crystals by the prop 
Ficure 2. Longitudinal sections of crystal crucible, ‘‘seed’’ placing of the seed in a seed receptacle that has it 
crucibles, and cooling device cavity at the same angle with the axis of the see 
Approximately one-fifth siz receptacle as the axis of the seed makes with th 
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d, th (a) ‘ (b) (c) 
lows 
: bot Figure 3.—-Laue back-reflection diffraction patterns showing axial orientations. 
;) Aluminum seed crystal, (b) monocrystalline aluminum ingot grown under the condition where the axes of seed and ingot are parallel, and (c) monocrystalline 

the iluminum ingot grown by tilting seed so that its cubic axis was parallel to the ingot axis. 
rece] 
t wil 
ling 


‘tub orientation desired in the axis of the crystal to be | typical of the accuracy attainable in the above- 

ickel grown. A sketch of such a seed receptacle is shown | described method for growing preferentially oriented 

»iso in unit 2a, figure 2. When a seed receptacle of | aluminum monocrystals. 

lumi’ this type is used, the top of the seed should be 

- con ground so that its surface is in the same plane as 

fF sucl the bottom of the recess in the seed receptacle. 

re,a Figure 3 is a photograph of Laue back-reflection 
diffraction patterns obtained from an aluminum 

t jus’ seed crystal and two monocrystalline aluminum 

‘d re ingots produced from the same seed crystal, the 

‘see incident X-ray beam having been parallel to the 

entin axes of the seed and ingots. The patterns are | Wasnineton, November 20, 1957. 
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The author expresses his appreciation to W. F. 
Gerhold for assistance in establishing the above- 
described method. 
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' Marginal Performance of Corrected Ophthalmic Lenses 
Francis E. Washer and Walter R. Darling 


The measured values of the departures of the marginal meridional and cylindrical 


powers from the corresponding measured values of the axial 


ophthalmic lenses are reported. 
from +-7.00 to 


powers for 311 corrected 


The spherical refractive powers of the lenses studied range 
20.00 diopters with cylindrical powers of 0.00 to 4.00 diopters. 
probable errors of measurement are discussed. 


The 


A set of tolerance values is suggested, and 


the degree of compliance with these suggested tolerances is shown. 


1. Introduction 


In recent years, the performance of spectacle 
lenses has been receiving growing attention. In 


1951, a study of the performance of spectacle lenses 
in the axial and extra-axial regions was initiated at 
the National Bureau of Standards at the request of 
the Veterans Administration. The objective of this 
investigation was the development of a set of toler- 
ances to be used in purchase specifications. In order 
for these tolerances to be realistic, it was necessary 
to measure the refractive powers of a large number 
of spectacle lenses to determine what was currently 
feasible. 

In a previous paper [1], the results of measurement 
of the axial performance of 311 spectacle lenses were 
reported. At present, several organizations are 
working in unison and attempting to produce a 
generally accepted standard for spectacle lenses, 
with emphasis being placed primarily on axial per- 
formance. It is probable that a similar effort will be 
initiated at some future time to extend the coverage 
of such a standard to include tolerances for marginal 
power. It therefore seems worthwhile to report the 
measured values of the departures of the extra-axial 
powers from the axial powers for the same 311 lenses. 
A tentative set of tolerances has also been prepared, 
and the degree of compliance with these tolerances 
is shown. 


2. Selection of Lenses for Measurement 


The lenses selected for measurement are the same 
ones whose axial performance was reported in a 
previous paper {1 The present study is therefore 
confined to single-vision lenses of the type called 
“corrected ophthalmic lenses” [2]. Lenses of this 
kind have the total spherical and cylindrical powers 
divided between the front and rear surfaces in such 
a manner that the difference in axial and marginal 
power is minimized as far as practicable. Lenses of 
this variety are commonly known as members of a 
“corrected curve”’ series. 

The powers of the lenses studied ranged from 
+7.00 to —20.00 diopters of spherical power and 
0.00 to +-6.00 diopters of cylindrical power. The 
major emphasis was placed on lenses having spherical 


Figures in brackets indicate the literature references at the end of this ‘paper 


powers ranging from +-7.00 to —6.00 diopters and 
cylindrical power ranging from 0.00 to +2.00. The 
few reported that are outside this range are perhaps 
sufficient to indicate the probable performance in 
the region of higher powers. In order to make 
measurements on more than one lens of the same 
power, lenses of identical powers were purchased 
from five different manufacturers. Some power 
combinations were not readily available from each 
of the five, but generally at least three makers were 
able to supply lenses of like power. The final total 
of lenses that were measured was 311, comprised of 
3 to 5 lenses in each of 68 power combinations. 


3. Theory 


Spectacle lenses are normally specified in terms of 
spherical and cylindrical power as measured on the 
optical axis. The power of the lens, specified in this 
manner, is the best estimate of the correction required 
by the potential user. It is known, however, that the 
degree of correction afforded by a given lens varies as 
the eye rolls and looks successively through different 
areas of the lens. This cannot be avoided because 
the designer is constrained to work with but two sur- 
faces and a single variety of glass at atime. If it were 
feasible to use two or more types of glass and a com- 
pound lens system in a spectacle lens, it might 
be possible to achieve a high degree of correction 
throughout the entire viewing area. This course of 
action is precluded by two principal factors, the 
first being excessive weight and the second being a 
substantial increase in the cost to the user. How- 
ever, even for the simple lens type of construction, 
considerable improvement is effected by selection of 
the shape or form of the lens that yields best per- 
formance over the entire area. 

To determine the difference in performance be- 
tween the axial and marginal regions of a spectacle 
lens, it is customary to make all measurements with 
respect to the vertex sphere. The vertex sphere has 
its center at the center of rotation of the eye, and its 
surface is tangent to the rear surface of the spectacle 
lens at the point of intersection of the epiied axis of 
the lens and its rear surface. The radius of the vertex 
sphere is usually accepted as being 27 mm. When all 
measurements of axial and marginal powers are made 
with reference to the vertex sphere, comparisons can 
be readily made between the power at any specified 
extra-axial region and that at the optical axis. 
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VERTEX 
SPHERE 





Ficure 1. Schematic diagram showing the positions assumed 
by a spectacle lens when tested on a modified vertometer. 


The left part of the figure shows arrangement for measurement of axial power 
The fixed reference opening against w hich the $ pressed is shown at M 
The optical center O is made to coincide with the center of M rhe trace of the 
vertex sphere is also shown In the right part of the figure, point O is pressed 
against the vertex sphere as shown. Light from M passes through the lens under 
test at points A or B and the marginal power can thus be measured with respect 
to the vertex sphere. 


ens 


Figure 1 is a schematic diagram showing a spectacle 
lens in position for measurement with respect to the 
vertex sphere. The left-hand portion of the sketch 
shows the lens in position for axial measurements; the 
right-hand portion shows the lens in position for the 
measurement of marginal power in the region at 30° 
from the axis. In attempting to compare the refrac- 
tive powers in the marginal regions with that in the 
axial region, the use of the terms “spherical”? and 
“eylindrical” power results in confusion. Conse- 
quently, in this paper, principal emphasis is placed 
on the “meridional power.” The diagrammatic 
sketch, figure 2, shows the regions where the powers 


YLINDER AXIS 





Ficure 2. actual 


Schematic diagram 
where 


showing the 
measurements are made. 


reé gions 
| 

Each small area of the spectacle lens is treated as a separate len 
parisons are made of the respective powers. The meridional axes « 
areas are as indicated. 


ind com- 
1 the various 
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are measured. Measurements are made in the two 
principal meridians that yield the maximum and 
minimum meridional powers, respectively. In the 
figure, these meridians are designated by the svmbols 
V and H/, with the subscripts 0, A, and B, indicating 
the axial and marginal regions of the lens. . 


3.1. Definitions 


For convenience, the definitions of all Svmbols 
used in describing the various powers and their inter. 
relations are collected into this section. This SVs- 
tem specifying the powers in various areas is pat- 
terned to some extent after the system devised by 
Whitwell and referred to by Emsley and Swaine {3}. 

V»>=One of the principal meridional powers, 

It is given by the sum of the pre- 

scribed spherical and prescribed eylin- 

drical power. It is the maximum 
meridional power when the _pre- 
scribed powers are positive. 

The second principal meridional power, 
[It is usually the same as the spherical 
power. It is the minimum meri- 
dional power when the prescribed 
powers are positive. 

Prescribed cylindrical power. It is the 
difference bet ween the priacipal meri- 
dional powers and is given by the 
relation Cp= V,p—H)p. 

Measured value of one of the meridional 
powers at the optical center of the 
lens. It is the measured power for 
vertical lines. 

Measured value of the second meridi- 
onal power at the optical center of 
the lens. It is the measured power 
for horizontal lines. (In the absence 
of cylindrical power, Vo=Ho.) 

The measured cylindrical power at the 
optical center of the lens. It is ob- 
tained from the relation, Cy=—V,— 
HT. 

The measured marginal powers at 
points A and B in the same meridian 
as > or parallel to the meridian of 
\,. These are the measured margi- 
nal powers for vertical lines. 

The measured marginal powers at 
points A and B in the same meridian 
as HH, or parallel to the meridian of 
H,. These are the measured margi- 
nal powers for horizontal lines. 

The measured cylindrical power at 
point <A, given by the relation 
C4=Va—Fy. 

The measured 
point B, given by the 


Cp= Va—Hsg. 
3.2. Additional Relations 


The following formulas are used in computing the 


Hp 


Ho 


H,, He 


cylindrical power at 


relation 


departures of the measured values from the specified 
values for the axial region and the departures of the 
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measured marginal values from the corresponding 
measured axial values: 


AVo Vo—Vep AVsa=Via—Vo AVz=Vsz3 “Vo | 
‘i ii-H> ta=M~ly ip de—~Sh 
Mo=Co—Cep  A0,4=C,—Co ACs=Cs—Co 


4. Method of Measurement 


The axial and marginal powers of all lenses were 
measured on a stand: urd vertex power-measuring in- 
strument equipped with the modifying device de- 
scribed in a previous paper [2]. The ‘axial powers 
were measured for the region shown at O in figure 2. 
It is evident from figure 2 that identical values of 
marginal power should be obtained for equivalent 
areas symmetrically located on either side of the axial 
point of the spectacle lens. Accordingly, in making 
the measurements of marginal power, it is customary 
to make and record five settings for both area A and 
its equiv: alent area and a similar series for both area 
B and its equivalent area. Some difference is found 
on opposite sides but it is usually sufficiently small 
that it can be neglected. The final accepte “d value 
for a given marginal power for a single observer repre- 
sents an average for 10 settings. The measurements 
on each lens are made independently by each of three 
observers, and the final results are obtained by 
averaging the three sets. At the conclusion of the 
measurements, the values of the departures of the 
measured values from the specified values for the 
axial region and the departures of the measured 
marginal values from the corresponding measured 
axial values are determined with the aid of the equa- 
tions given in section 3.2. 

4.1. Variation in Measurements for Points 30° From 
the Axis for Three Observers 


The determination of the refractive powers at 30° 
from the axis is subject to considerably more un- 
certainty than those measured on the axis. The 
quality of definition is generally somewhat lower 
than on the axis, which tends to reduce the precision 
of the power determinations. In addition, any error 
in properly establishing the angle separating the ares 
under test and the axis may produce appreciable 
error in some instances. For example, the change in 
meridional power with angle of viewing is likely to be 
small in the vicinity of the axis but may be changing 
rapidly with changing angle at 30° from the axis. 
Consequently, a change of as little as +0.5 degree in 
the region of 30° may produce changes in the meas- 
ured values of marginal power of as much as +0.10 
diopters. The depth of focus, throughout which the 
change in quality of definition of the image of the 
target reticle is not too apparent, is appreciably 
greater than that for axial depth of focus. 

Because of these additional possibilities for error, 
of the measure- 


an investigation of the reliability 
ments at 30° from the axis was also made for the 


three observers. Table 1 shows the values obtained 


| 
| 





TABLE 1. Values of the deviations, AV4, AVg, AHa, AHsz, 
ACa, and ACg, for six lenses obtained by each of three ob- 
servers (D, G, and B) 





The average values for the three observers are accepted as correct. All values 
are expressed in diopters. 
— — a — — 7 
Obs. Sph. | Cyl. | AV AVs AH AHez AC4 ACs 
D { 0. 05 0.02 | —0. 29 —(). 37 0.34 0. 35 | 
G 7 2 |; 14 12 ~. 43 —. 33 57 . 21 
Ne { .22 4} —41| — 2 63 15 
Avg ....| 0.14 | —0.09| —0.38 | —0.33| 0.51] 0.24 | 
| 
D { 0.15 0.31 | —0.30 | —0.40 0.15 0.09 | 
G » 4 2 13 25 28 —. 36 15 ) 
B | | «0 40 4] —.51 16 il 
Avg 0.15 0.32 | —0. 31 —0. 42 0.15 0.10 | 
| 
D {+0 04 0.13 | —0.09 0. 26 0.13 | 0.13 | 
G 1 2 i 07 17 —.14 —. 26 21 09 | 
B | 113 13| —.06 20 19 07 
- - — —| 
Avg 0.08 | —0.14 | —0.10 | —0. 24 0.18 | 0.10 | 
D } 0. 08 ay 0. 02 0.14 0. 10 0.05 
G , 0 2 17 13 04 —. 11 21 —. 02 
B | | .16 08 03 15 19 | +.07 
Avg 0.14 0.10 —).03 | —0.13 0.17 0 03 
D { 0. 16 0.16 | —0.05 | —0. 21 0. 21 0. 05 
G >—] 2 17 17 04 13 . 21 04 
B | .21 14 03 10 24 o4 | 
Ave 0. 18 0. 16 0. 04 0.15 0.22 |—0. 01 
D --|) 0. 37 +0). 17 +0. 26 | +0.10 0.11 |+0. 07 
G 4 2 i 30 04 22 06 os —.02 
B | | 30 13 20 02 10 ‘, 19 
Avg 0. 32 0.11 0. 23 0. 06 0.10 0.05 
D | 0. 49 0. 27 0. 41 0.12 0. 08 0.15 
G 6 2 41 32 41 20 00 12 
B - | | 148 29 49 15 | —.01 4 | 
Avg.. oc . 0. 46 0. 29 0. 44 0. 16 0. 02 0.14 
- _ —) 


by each of the three observers, identified as D, G, 
and B, for a representative group of six lenses. The 
fourth line in each case is the average value obtained 
and is the one accepted as correct. The symbols, 
AV4, AVz, AH,, AHg, AC,4, and ACsg, signify respec- 
tively the departure of the various powers at points 
A and B at 30° from the axis from the corresponding 
measured quantities on the axis. It may be noted 
that the departures from the average for each ob- 
server, although small, are appreciably greater than 
for measurements on the axis [1]. 

The results of measurements, made at 30° off-axis 
on 36 lenses of varied powers by 3 observers, were 
analysed to determine the magnitude of observer bias 
or systematic error. The results of this analysis are 
shown in table 2. The departures from the accepted 
average measured-power deviation were determined 
for each of the 3 observers for each of the 36 lenses. 

The average departure was computed for each 
observer and is taken as a measure of the systematic 
error or bias for each observer. It is apparent that 


TABLE 2. Systematic differences in the values of AVa, AVz, 
AH,4, AHg, AC4, and ACg for three observers, D, G, and B, 
based on measurements at 30° off-axis for 36 lenses 

The differences are given in diopters. 


- - —— - —- _ 


Average departure from the average of 
Observer 


AV AVe SH, AHes AC«4 ACe 
D ~0). 013 +0. 006 +(). 007 —0. 008 —0.016 | +0.014 
G 003 012 005 +. 006 —. 003 —. 024 
B i. +. O16 +. 009 +. 001 000 +. 019 +. 001 
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so far as the determinations of AV and A// are con- 
cerned, the magnitudes of the systematic error are 
of the same order of magnitude as found for V and 


H on the axis [1]. The systematic errors in AC are 
greater at the margins than on the axis but are 
nevertheless small. It can therefore be assumed 


that the contribution of observer bias to measure- 
ments of AV,4, AVg, A/7,4, and A/7z, will not usually 
exceed +0.01 diopter. In addition, the contribu- 
tion from the same source to measurements of 
AC, and AC, will not usually exceed + 0.02 diopter. 
In view of the small magnitudes of observer bias and 
the probable error of a single determination for each 
observer, 
of determinations of AV4, AVg, AH,y, AH,g, AC4, 
and AC, will generally be less than +0.03 diopter. 

Table 3 shows a frequency distribution of the errors 
for the 3 observers in the determination of the mar- 
ginal power of the 36 lenses. For example, in the 
determination of AV,, the results of measurement by 
observer D are within +0.03 diopter of the accepted 
average value of AV, for 53 percent of the lenses 
measured. It is also clear that for any of the ob- 
servers, the likelihood of being in error by more than 
- 0.06 diopter is quite small. 


TABLE _ Frequen y distribution or depart ires trom the averade 
value of AV4, AV a, AH,, AH pz, AC ,, and At rp jor each of 
three observers 
Ihe results are based on measurements of 36 lenses. All values are in diopters 

A. Percentage of determinations that do not depart from average value 
of AVu« (or AVea) by more than 6V «4 (or 6V a2) for obser I 
\Vu4 | 
5Vu4 | 
D ( R dD ( / 
0. 06 53 s4 al a ss 67 
06 92 7 ne) TT] 75 a4 8] 
Lt) 100 1x 100 iw 17 +4 su 
12 12 a7 47 v2 
l ] 1K 100 100 
B. Percentage of determinations that do not depart from averag ilu 
of AH. (or AHg) by more than 6H, (or 6/12) for ot er 
ATT 4 Li] 
i AH« 5H 
D Gg R D G R 
+0. 08 69 75 75 0 08 ‘ 72 17 
On W2 ul G4 OH st uy; SI 
oa 100 100 a7 a M Q7 4 
12 100 12 “4 100 100 
l 15 x 
C, Percentage of determinations that do not depart from average value 
of AC 4 (or AC's) by more than 6C, (or 6C 2) for observer 
AOA \C sg 
6C4 f 
D ( RB D G I 
0.038 42 69 14 0.08 4 = 47 19 
06 83 O7 72 06 7 72 7 
09 07 100 G4 og Nt) | st 
12 O7 07 2 97 100 92 
18 100 100 .18 100 100 


it can reasonably be claimed that the error | 


5. Results of Measurement on 311 Spectacle 
Lenses 


The values of V4, Ha, Ve, He, Vo, and Ho wer 
measured for the entire group of 311 lenses. Frop 
these measured values the values of Co, C,, and C, 
were determined. For the present purposes, thy 
values of the departures of the measured values o, 
axis from the prescribed axial values and the valyes 
of the measured marginal values from the measured 
axial values are of greater interest than the actu) 
values of marginal and axial meridional power 
The values of AVo, AHo, and ACo are reported in ap 

earlier paper [1]. In the present paper, the emphasis 
is given to the measured values of AV,, AH,, AC, 
AVp, AHg, and AC,. The results of these dete rmina. 
tions are given in tables 4 to 10. The order of the 
lenses in these tables is the same as that given jn 
the earlier paper to facilitate comparison. It js 
eivdent from a cursory examination, that the values 
of AV,, AH,, AC, AVz, AHpg, and ACs, are frequently 
quite large, particularly for the higher spherical and 
cylindric al powers. 


6. Establishment of Tolerances 


The establishment of tolerances for marginal 
power for spectacle lenses is somewhat more com- 
plex than is the case for axial power. The interre- 
lation of the various powers in three areas instead 
of the single central area has to be kept constantly 
in mind. The performance in the peripheral regions 
of spectacle lenses made in accordance with recog- 
nized best practice is saowalae not equal to that 
commonly obtained in the axial regions. So for 
tolerances to serve a useful purpose, their magnitude 
must be made appreciably greater than those ac- 
ceptable on axis, but at the same time, they should 
be held as small as feasible to insure optimum per- 
formance under the circumstances. 


6.1. Proposed Tolerances for Marginal Powers 


A careful analysis of the magnitudes of the devia- 
tions, AV4, AVg, AHT,4, AHg, AC,4, and ACgz, that are 
listed in tables 4 to 10, was made. On the basis of 
this analy sis, tolerances were established for use in a 
purchase specification [4]. These tolerances are 
specified as follows: 

(a) The marginal meridional powers referred t 
the vertex sphere at points A and JB, located as 
shown in figure 2, shall not depart from the measured 
axial meridional powers by amounts in excess of 
values of the tolerances for meridional power 


; 


those 
shown in tables 11 to 15. 

(b) The eylindrical power, referred to the vertex 
sphere at points A and B shall not depart from the 
measured axial cylindrical powers by an amount in 
excess of those values of the tolerances shown in 
tables 11 to 15 
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acle TABLE 4 Veasured values of the deviations in meridional power TaBLE 5. Measured values of the deviations in meridional 
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TABLE 9. Measured values of the deviations in meridional 
power at the marginal points A and B from the measured azial 
power for 33 spectacle lenses having a cylindrical power of 

1.00 diopters and with spherical power varying from + 6.00 

to 10.00 diopters 


The nominal prescribed spherical powers are listed under “Sph.” The signifi- 
cance of the symbols at the heads of the columns is given in section 3.2 and figure 


> All values are expressed in diopters 


Sph AV. AH « AC4 AVe SHe ACp 
0.24 0. 61 0. 85 0.01 0. 30 0. 31 | 
03 74 71 19 27 OS 
OO ) +. 32 it RR + 00 07 07 
| 25 78 1.00 01 05 04 
0.09 0. 65 0. 56 0.11 0. 41 0. 30 
09 57 is 03 25 22 | 
4.0 1. 28 3 81 + 18 +. 04 14 
12 54 66 01 11 12 
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TABLE 10 Measured values of the deviations in the merid- 


ional power at marginal points A and B from the measured 
arial power for 8 spectacle lenses having a cylindrical power 
of 6.00 diopters and with spherical powers of 1.00 and 


2.00 diopte rs 


All powers are expressed in diopters 
Sph AV. AJ 14 AC. \Ve AHe ACR 
0.4 0.49 0.04 0. 32 0.15 0. 47 
| 29 y 1) 09 53 06 59 
aed 7 5 +14 1 0S 39 
3 34 1 47 +. 02 45 
{ 0.39 0. 36 0.08 0.4 0. 04 0. 40 
7 | 2 ; « 65 ol 64 
— i 17 1s 01 10 02 42 
if 47 Ol 51 02 4y 


(c) The tolerances in marginal power contained 
in paragraphs (a) and (b) are only applicable to 
single vision lenses and to the distance portions of 
bifocal lenses. The range for which these tolerances 
apply is as shown in tables 11 to 15. The tolerances 
shown in tables 11 to 15 apply to lenses corrected 
for optimum marginal performance at large object 
distances. For lenses corrected for optimum mar- 
ginal performance at near distances, the same toler- 





TABLE 11. Tolerances in meridional and cylindrical powers 
at 30° from the axis for lenses having spherical powers ranging 
from +-7.00 to —20.00 diopters and zero cylindrical power 
Vo is the measured axial meridional power in one principal meridian and 

Ho is the measured axial meridional power in the second principal meridiap 

Ho= Vo and corresponds to the prescribed spherical power.) 

a —| 

Cylindrical power 





Meridional power 
Meridional 





| powers | | | 
(Vo=Ho) | Point A | Point A | Point A Point A | 
and or ; and or | 
| point B | point B | point B | point B 
7 —_ ——— a Sees 
7.00 +0.38 | +40.32 | +0.38 | +£0.32 | 
6.00 38 . 32 32 2% | 
5. 00 32 25 . 32 25 | 
4.00 32 25 25 18 | 
3.00 25 18 | 18 12 | 
| 
2.00 +0.18 +0. 12 +0.18 | +0.12 | 
1.00 18 12 -_s 12 | 
0.00 18 .12 18 12 | 
1.00 18 12 18 12 | 
2.00 25 18 18 | .12 
-3. 00 +0. 25 +0. 18 +0. 18 +0.12 | 
—4.00 32 . 25 - 25 18 | 
5. 00 32 25 . 32 . 25 
—6. 00 38 $2 . 32 . 25 
7.00 38 32 . 32 25 
| | 
8.00 +0. 38 +0. 32 +0. 32 +0.25 | 
9.00 50 38 38 .32 | 
10. 00 50 38 | 38 32 
14. 00 50 38 38 | 32 
20. 06 50 3S 38 32 | 
TABLE 12. Tolerances in meridional and cylindrical 


powers for lenses having spherical powers ranging 
from 7.00 to —20.00 diopters and a cylindrical 
power of 1.00 diopter 


Vo is the measured axial meridional power in one principal meridian 
and Ho is the measured axial meridional power in the second principal 
meridian. (For positive cylindrical power, Ho corresponds to the pre- 
scribed spherical power; while for negative-cylindrical power, Vo cor- 
responds to the prescribed spherical power.) All values are given in 
diopters 


| 


Meridional powers Meridional power | Cylindrical power 


Point A | Point A | Point A | Point A 
Vo Ho and or and or 
point B | point B | point B | point B 
8. 00 7.00 +0, 62 £0.50 | +£0.50 | £0.38 | 
7.00 6.00 50 38 _ 38 | 
6. 00 5.00 50 38 38 25 | 
5.00 4.00 38 25 32 . 25 
4.00 3. 00 38 25 . 25 .18 
3. 00 2.00 +0. 25 +0. 18 +0. 18 +0. 12 
2. 00 1.00 18 12 18 12 
1.00 0.00 18 12 18 .12 
0.00 —1.00 18 12 18 12 
1.00 —2 00 25 18 .18 ae | 
20 —3. 00 +0. 38 +0. 25 +0. 25 +0. 18 
3.00 4.00 38 25 32 . 25 
100 5. 00 5O 38 38 25 
5.00 —6, 00 SO 38 38 . 25 
6.00 7.00 50 38 3s 25 
7.00 8.00 +0. 50 +0. 38 +0. 38 +0. 25 
&. 00 9.00 62 38 50 38 
9.00 —10. 00 62 yO SO 38 
14.00 15. 00 62 5O 50 38 | 
19. 00 20. 00 62 50 50 . 38 
al 


ances shall apply, except that the measurements 
will be made with the test object at the specified 
near object distance, and the tolerances will be re- 
ferred to the measured effective axial meridional 
and cylindrical powers. 
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TABLE 13 Tolerances in meridional and cylindrical 
powers for lenses having spherical powers ranging 
from 7.00 to 20.00 diopters and a cylindrical 
pow er of 2.00 diopters 
Vo is the measured axial meridional power in one principal meridian 

and Ho is the measured axial meridional power in the second principal 


meridian. (For positive cylindrical power, Ho corresponds to the pre- 


scribed spherical power, while for negative cylindrical power, Vo cor 


responds to the prescribed spherical power All values are given in 
diopters 
Meridional powers Meridional power | Cylindrical power 
Point A | Point A | Point A | Point A 
! H and or und or 
point B point R point B point B 
9.00 7.00 +0. 62 0. 50 tO. 62 +0. 50 
& OO 6.00 i ) 4 3s 
7.00 5 wh) $s | D5 
6. 00 100 3S 25 is > 
5 00 3. 00 a8 2 32 9 
LL 2.00 +1). 38 +-(), 2A +-(), 25 +-() 18 
3.00 1 om 38 2 2 Is 
2 00 o.00 $s 2 2 Is 
1.00 1.00 2 2 2 1s 
0.00 » OO 2 2 2 18 
1.00 3.00 0. 38 0.2 . 32 0. 2 
2.00 +00 $s 2 $8 2 
uo on A) 3s s $2 
LL 6.00 62 ~ 4 s 
5 00 7.00 62 A) 2 ‘ 
6.00 SU on ‘ “) 0.2 1) AO 
7.00 +00 f2 0) 62 ) 
s. 00 10. 00 «2 WO) 62 v1) 
13. 00 15. 00 “2 “) 62 4) 
Is. 00 1) OO 62 1) 62 “) 
TABLE 14 Tolerances in meridional and cylindrical powers 
for le nsexr har ing s phe rical powers ranging from 6.00) to 


10.00 diopters and a cylindrical power of 3.00 diopters. 


1 s the measured axial meridional power in one principal meridian and H 
the measured axial meridional power in the second principal meridian For 
positive cylindrical power, Ho corresponds to the prescribed spherical power, 
while for negative cylindrical power, Vo corresponds to the prescribed spherical 


power All values are given in diopters 
Meridional power Meridional power Cylindrical power 
Point A Point A Point A Point A 
1 Ho ind ol ind or 
point B point B point B point B 
9 00 6. 00 +1 0 0 AO +1 OO 4) A) 
& OO 5, Oo. 87 as xT {is 
7. Of 100 7 $5 7 $s 
6.00 3.0% 62 is 62 {s 
5.00 2.10 4) $s ") 2 
4 ix Loo 4) MM 0. 38 HO AO +). 2 
$00 ooo ™) 3s ‘ 2 
200 Loo “ is 1) 2 
100 2.00 “) ts “) 2 
UU) 3.00 “) ts 4) 2 
1.00 1m +1) 2 0. 38 0. §2 ths 
2.00 5 Oo 75 Ss ré {Ss 
aL) 600 a7 71 xT $s 
im 7.00 Loo A) Loo A) 
5.00 sO Lu 7 1.00 4) 
6 OO +, Loo os 1 { ") 
7.00 10. 00 1. 25 75 1.2 7 


Lenses, having cylindrical power, differ in me- 
ridional power in their two principal meridians. This 
introduces a duality that is reflected in the setting of 
tolerances. It is obvious that a tolerance that 
entirely satisfactory for the lower ot the two me- 
ridional powers may be too rigorous for the highet 
one. Likewise, a tolerance that is suitable for the 
higher of the two meridional powers may be less 
exacting than is desirable for the lower one. Conse- 


Is 


TABLE 15. Tolerances in meridional and cylindrical power 
for lenses having spherical powers ranging from t 6.00 1 


10.00 diopters and a cylindrical power of 4.00 diopters 


Vo is the measured axial meridional power in one principal meridian and Ho 
the measured axial meridional power in the second principal meridian Fr 
positive cylindrical power, Ho corresponds to the prescribed spherical power 
while for negative cylindrical power, Vo corre sponds to the prescribed spheri¢ 


power All values are given in diopters 

Meridional powers Meridional power Cylindrical power 
Point A Point A Point A Point A 

| Ho ind or and or 
point B | point B | point B | point B 
| 10.00 6.00 +-1.00 H) AO +1.00 Hf) AO 
| 9.00 5. 00 87 $8 87 3S 
8.00 40 75 3S 7 Qs 
7.00 3.00 2 38 62 3S 

6. Of 2 OO 0 3 4) 95 

5.00 1.00 +0 50 +0). 38 +) AO +) 2 

00 0.00 a) $s 70 2 

3.00 1.00 ) 3S A) 2. 

2 2.00 a) $s vw 2 
Loo 3.00 2 ts Lad as 
0.00 +00 +() 75 +0). 3S 0.7 0). 38 
1.00 Oo 7 $5 87 3s 
2.00 6.00 Loo A) 1.00 “) 

$00 7.00 100 ) Loo ‘ 
$0 8. 00 1.00 A) 1. Of “) 

5 OO 4 OO +1. 00 0. 50 100 0. i 

6. 00 10. 00 1.25 45 1. 25 7 


quently, in tables 11 to 15, one tolerance is listed 
that must be satisfied at both points A and B. 
Assuming that a given lens satisfies the large toler- 
ance established for both points A and B, then for 
acceptance, it must also satisfy a lower value of the 
tolerance for either point A or point B. It is evident 
that the dual tolerances are necessary in tables 12 to 
15, which list the tolerances for lenses having cylin- 
drical power. In the case of lenses having no nomi- 
nal cylindrical power, the presence of small amounts 
of tolerable axial cylindrical power necessitates a 
dual listing of tolerance in table 11. 


6.2. Degree of Compliance With Proposed 
Tolerances 


The results of the measurements of marginal 
power made on the 311 lenses that are contained in 
tables 4 to 10 have been considered with respect to 
these tolerances to determine the degree of compli- 
ance. For the cases of lenses having axial cylindrical 
powers of 0.00, 1.00, and 2.00, the results of these 
considerations are shown graphically in figures 3 to 5. 
In the graphs, the abscissas show the values of axial 
meridional power, Vo, while the erdinates show the 
deviations in marginal meridional power and in 
cylindrical power at points A and B. The dotted 
lines bounding the horizontal zone in the central 
regions of the graph indicate the maximum toler- 
ances for marginal performance for both A and B. 
The solid lines bound the zone of minimum tolerance 
for either A or B. To avoid plotting a multiplicity 
of points, only those are shown where one or both of 
the points fall outside tolerance. The uppermost 
frame of a given graph shows the nature of the lack of 
compliance with the meridional requirements for 
point A, the middle frame shows similar information 
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AXIAL MERIDIONAL POWER Vo, DIOPTERS 


Degree of compliance with suggested tolerance for 
?2 lenses having zero cylindrical power. 


Figure 3. 
marginal power Jor 


Only those points are plotted for which noncompliance occurs for at least one 
member of a pair The bar graphs at the bottoms of the center and lower frames 
show the number of lenses in the sample Boxes*containing an X in the center 
rame show compliance with the spherical tolerances; boxes containing an X in 
the lower frame indicate full compliance with spherical and cylindrical tolerances 


for point B, and in addition the boxes in the bar 
graph in the lower portion shows the number of 
lenses in each sample. The number of boxes con- 
taining an X is the number of lenses of a given 
power that comply with the meridional requirements. 
lhe empty boxes indicate those lenses where at least 
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-20 -15 -10 -5 ° 5 
AXIAL MERIDIONAL POWER Vo, DIOPTERS 
Ficure 4. Degree of compliance with suggested tolerance for 


marginal power for 76 lenses having cylindrical power of 

1 diopter. 
Only those points are plotted for which noncompliance occurs for at least one 
member of a pair. The bar graphs at the bottoms of the center and lower frames 
show the number of lenses in the sample. Boxes containing an X in the center 


frame show compliance with the spherical tolerances; boxes containing an X in 
the lower frame indicate full compliance with spherical and cylindrical tolerances 


one value of the meridional power at points A and B 
is in excess of tolerance. The lowest frame shows 
the degree of compliance with the requirements for 
cylindrical power. The bar graph at the bottom of 
this frame combines the results for all three frames. 
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Consequently, a box containing an Y in this graph 
indicates that a given lens complies in full with the 
tolerances for meridional and cylindrical power. 





It is interesting to note, that for the cases shown 


at least one and generally two or more lenses comply: 


in full with the suggested tolerances which indicat 
that these tolerances can be and are being satisfied 
The degree of compliance with the suggested toler. 
ances is given in tabular form in tables 16 to 20 fo 
295 of the 311 lenses. In these tables is given th, 
total number of lenses of a given power in eac} 
sample, together with information on the number oj 
lenses complying with the minimum, the maximum 
and the suggested tolerances for meridional and 
cylindrical power in the marginal regions of th 
lenses. At the bottom of each table, the percentag 
of lenses complying in each category is given. 

At first glance, the tolerances set forth in tables 1| 
to 15 seem larger than need be. However, the study 
of the degree of compliance shown in tables 16 to 2 
shows that this is not the case for presently existing 
lenses. For example, if these lenses were to compl 
fully with the minimum tolerance at both points 4 
and B, it is clear that only a relatively small per. 
centage of the lenses would satisfy the requirements 
the percentages range from 83 percent for lenses 
having zero cylindrical power down to 15 percent fo: 
lenses having cylindrical power of 4.00 diopters. Ot 
the other hand, if these lenses were to comply fully 


with the maximum tolerance only at both points 4 


and B, the percentages complying range from 9% 
to 85 percent. However, by using the minimun 
tolerance at either point A or point B and the maxi 
mum tolerance at both points A and B as suggeste 
in paragraphs (a) and (b) of section 6.1, the tota 
number complying is reduced only slightly, th 
percentages ranging from 92 to 84 percent, and some 
what better performance for the user is thus assured 
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TaBLE 17. Degree of compliance with the minimum, mazt- 
mum, and suggested tolerances for marginal power for 76 
lenses having axial meridional powers varying from +-8.00 
to —18.00 diopters and cylindrical power of + 1.00 diopter 


c 
| 


Meridional Number of lenses in sample comply- 


power Number of | ing with the following tolerances— | 
Vo lenses in ae ies Me 7 as 
Ho+1.00 sample 
Minimum | Maximum | Suggested 
8, 00 $ 1 2 2 
7.00 5 4 5 5 
6. 00 3 5 5 
5 00 4 5 5 
4,00 3 5 5 
3. 00 5 5 5 
2.00 2 4 
1.00 . 5 5 5 
0.00 1 5 5 5 
-1. 00 § 2 4 4 
2 00 5 5 
3. 00 $ 5 5 
5 OO 3 5 4 
9.00 t 2 2 2 
10. 00 2 2 2 
14. 00 } l 2 2 
18. 00 $ 3 3 3 
Total_-. 76 53 69 68 
Percentage 70 91 00 
TaBLE 18. Degree of compliance with the minimum, mazi- 


mum, and suggested tolerances for marginal power for 71 
lenses having axial meridional powers varying from + 9.00 
to —18.00 diopters and cylindrical power of 2.00 diopters 





Meridional Number of lenses in sample comply- 
power! Number of ng with the following tolerances 
O lenses in a 
Ho+2.00 sample 
Minimum | Maximum | Suggested 
9 00 2? 0 l | l 
& 00 4 0 2 | 2 
700 i 0 2 2 
6. 00 i 0 3 3 
a ao . . 
| 
4. 00 2 
, OO 1 
2 © fi 
“ 2 
om ] | 
on 1 | 
2.0 0 
0 t i 4 
x0 i 2 2 2 
14.00 2 é 
Im i ] 2 2 
| 24 m™ ta 
| 4 55 sS 


6.3. Discussion of the Proposed Tolerances 


In the preparation of tolerances for axial powers, 
itis possible to require that the deviation of measured 
from prescribed power be kept within a narrow 
enough range that normal depth of focus will still 
enable the eve to distinguish 
objects separated by 1 minute of are. However, in 
the case of tolerances for marginal power, it is not 
readily possible to maintain such a high degree of 
erformance limitations imposed by 
laving Only two surfaces available to the designer, 
conditions of and the Although it is 
possible to design a lens for each power that will 
perform in excellent fashion for one viewing dis- 


unaccommodated 


because of 


use, cost. 


TABLE 19. Degree of compliance with the minimum, mazi- 
mum, and suggested tolerances for marginal power for 43 
lenses having axial meridional powers varying from + 9.00 
to 7.00 diopters and cylindrical power of + 3.00 diopters 


r —_— —— —— _, 
ee 
Meridional Number of lenses in sample comply- 
power Number of| ing with the following tolerances— 
(Vo= lenses in PREY DS: 2 ees ou Se 
Ho+3.00) sample | 
Minimum Maximum | Suggested 
9.00 4 0 | 3 3 
8. 00 4 0 3 2 
7.00 | 4 0 3 2 
6. 00 4 2 4 4 
2. 00 5 3 5 5 
1.00 5 2 | 5 5 
0. 00 5 l | 5 5 
-1. 00 4 0 4 4 
—3. 00 4 l 4 4 
—7. 00 4 1 4 2 
Total 43 10 40 36 
Percentage 23 93 M 


TABLE 20. Degree of compliance with the minimum, mazi- 
mum, and suggested tolerances for marginal power for 33 
lenses having axial meridional powers varying from +9.00 
to —6.00 diopters and cylindrical power of + 4.00 diopters 


Meridional Number of lenses in sample comply- 


power Number of| ing with the following tolerances 
(Vo= lenses in Tas ENE See Te 
Ho+4.00) sample | 
Minimum | Maximum | Suggested 
9.00 4 0 | 2 2 
8. 00 { 0 3 2 
3. 00 4 1 | 4 4 
2. 00 4 1 4 4 
1.00 4 0 4 3 
0.00 ) 0 5 5 
2.00 4 1 4 4 
—6. 00 4 2 4 4 
Total 33 5 30 28 
Percentage 15 91 85 


tance, it is not likely that it will perform equally 
well for all other viewing distances. In addition, 
it is impracticable because of cost to construct a 
special lens for each user, so it is usual to maintain 
a series of lenses whose base-curve changes in succes- 
sive discrete steps to cover the entire range of use. 

The suggested tolerances for spherical power do 
not present any serious hardship for the wearer 
under middle age, as such a person is likely to have 
an amplitude of accommodation well above the 
maximum suggested tolerances. For a person having 
a small amplitude of accommodation, the marginal 
performance of a lens near the limits of the suggested 
tolerance will probably be noticeably lower than the 
axial performance. However, he will still usually 
be able to distinguish between objects separated by 
from 2 to 8 minutes of are, depending upon the 
amount of departure of the marginal from the axial 
powers. This corresponds to a reduction in visual 
acuity down to 20/40 or 20/160, which is still ade- 
quate for the detection of large objects or movement, 

In the case of astigmatism, the problem is more 
difficult. One cannot minimize astigmatism to an 
appreciable extent by the exercise of accommodative 
powers. Consequently, all users will suffer some 
reduction in visual acuity in the marginal regions, 
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FIGURE 6. Photographs showing change nmimagery u ith de parture S f om pre scribed spherical power hy definite amounts 
i shows the imagery for the condition of best focus with AVoe=AHo=0; B shows the imagery for Al Hi9=+0.25 diopters; and C shows the 
imagery for AVo=AHo+0.50 diopters. 
ee Ome tm 
(SR na 
a oe ba 
‘ he 
80) 
pr 
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en 
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. 4 =~. 
In 
ni 
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Ii 
Fiat RE _ a Photographs showing ( hange in tmagery with departures from presé ribed « ylindrical powe hy definite amounts pa 
Ca 
i shows the imagery for the condition of best focus with Ac O; B shows the imagery ‘or A¢ +0.25 diopters; and C shows the igery for A¢ T0.50 dioy , 
rh 
en 
except in those instances where the depth of focus 7. References els 
is sufficient to provide adequate compensation. Of 
course, it is unlikely that anyone will be using the | [1] F._E. Washer, Axial performance of spectacle lenses, 
PL: | J. Research NBS 355 (1956) RP272 
marginal portion of his spectacle lenses fer an ex- | ,., , 7>/esearch NBS 87, 355 (1956) RP2724 : 
fod Gleme on i | = he | 1 | [2] F. E. Washer, A simplified method of measuring the 
tended time, as it Is more natural to turn the Leu | marginal power of spectacle lenses, J. Research NBS 
so as to take advantage of central vision. Figures 55, 79 (1955) RP2607. me 
6 and show the quality of imagery that may be [3] H. H. Emsley and William Swaine, Ophthalmic lenses, ho 
‘ Be. ' . fm ’ tens or . 
expected when looking through lenses whose powers | 6th ed., p. 237 (Hatton Press Ltd., London, 1951 nis 


vary from the prescribed by selected amounts [5]. 

In conclusion, it can be stated that there are now 
available a large number of lenses that are corrected 
to yield improved marginal performance, and that 
they do so. However, further efforts toward im- 
provement should be made. If this is done, it may 
eventually be possible to reduce the tolerances sug- 
gested herein to values more nearly comparable to 
the depth of focus. 


[4] Veterans Administration, specifications for optical lenses, 


frames and cases (April 23, 1956). sis 
[5] F. E. Washer, Instrument for measuring the marginal 
power of spectacle lenses, J. Opt. Soc. Am. 45, 71% 
1955 
WASHINGTON, November 21, 1957 





562 


ows tl 











nis 


lenses, 


ig the 


. NBS 
lenses, 
lenses, 


irginal 
b, 719 


f the National Bureau of Standards 


’ 
Journal c 


Vol. 60, No. 6, June 1958 Research Paper 2870 


Enthalpy and Heat Capacity from O° to 900° C of Three 
Nickel-Chromium-lIron Alloys of Different 
Carbon Contents 


Thomas B. Douglas and Ann W. Harman 


The enthalpy relative to 0° C of three alloys was measured at nine temperatures from 


100° to 900° C by a precise “‘drop”’ method. 


The alloys contained approximately 76 percent 


of nickel, 15 percent of chromium, and 8 percent of iron, with carbon contents of 0.02, 0.07, 


and 0.11 percent, respectively. 


The results are almost independent of the several varia- 


tions in prior heat treatment investigated, and the heat-capacity—temperature curves of 
the three alloys are almost coincident, but there is a marked shift in each curve within the 


interval 500° to 600° C., 


1. Introduction 


The National Advisory Committee for Aero- 
nautics has had underway a program of acquiring 
basic physical data important in the aerodynamic 
heating of the construction materials used in super- 
sonic airplanes and guided missiles. As a part of the 
program, the Committee sponsored at the National 
Bureau of Standards measurements of the thermal 
conductivity, thermal expansion, total thermal 
emissivity, and heat capacity of nickel-chromium- 
iron alloys commercially produced as Inconel. 

The investigation of these properties covered 
Inconel specimens whose carbon contents spanned 
more than the range normally encountered. The 
measurements of heat capacity are reported in this 
paper. The results of the measurements of heat 
capacity, thermal conductivity, thermal expansion, 
mechanical properties, electrical resistance, and 
emissivity of these Inconel alloys are summarized 
elsewhere (2]." 


2. Alloys Investigated 


The heat capacity was derived from enthalpy 
measurements on specimens that had been cut from 
hot-rolled, unannealed rods of %-in. diameter fur- 
nished by the International Nickel Company, who 





| 
1 Figures in brackets indicate the literature references at the end of this paper. | 


TABLE 1, 


Chemical composition (weight ‘ 


( N Cr Fe Mn 

0. 02 75.99 14. 42 8. 87 0. 28 
07 76, 45 14.06 7. 80 26 
1] 75. 64 15. 32 8.17 33 


supplied the chemical analyses of the three alloys 
given in table 1.2 Before measurement of their 
enthalpy, the samples were subjected to the various 
annealing treatments specified in footnotes to the 
tables of enthalpy data (tables 3 to 5, section 4), 
and the average values of hardness found after 
annealing [2] are given in the last two columns of 
table 1. The enthalpy data of table 6 are prelimi- 
nary values determined in an attempt to ascertain 
whether certain variations in prior annealing treat- 
ment affected the enthalpy appreciably. Although 
the hardness values were determined on various 
Rockwell superficial hardness scales, these results 
have been converted to approximate values on the 
Vickers scale, which also are givento afford ready 
comparison. 


3. Calorimetric Method 


The apparatus and method used in measuring the 
enthalpy were described in detail in a recent paper 
[3]. Briefly, the sample in a helium-filled container 
of the alloy 80 Ni-20 Cr was held inside a silver-core 
furnace in an atmosphere of helium until, as deter- 
mined by preliminary “relaxation-time”’ tests [4], the 
sample had time to reach the furnace temperature 
within 0.01 deg C. The sample and container were 

2 Although these alloys were not reanalyzed at the Bureau to confirm these 
compositions, there are reasons for believing that in the temperature range in- 
vestigated their enthalpies are insensitive to errors in composition. The heat 
capacities per unit mass of the three principal elements (nickel, chromium, and 


iron) are approximately the same, and there are no transitions in their ternary 
phase diagram near the compositions of the present alloys [1] 


Chemical compositions of the alloys 


Hardness 


Approximate 


Si Cu s Total Rockwell, equivalent 
15-T seale value, Vickers 
scale 
0.17 0. 22 0. 007 YY. US 78 v7 
19 15 007 09. US xO) 106 
21 19 007 YY. US SS 123 








then dropped into a precision Bunsen ice calorimeter, 
the heat they delivered in cooling to 0° C being 
determined by the mass of mercury entering the 
calorimeter because of the reduction in volume caused 
by the melting of ice. Similar measurements were 
made on the empty container to account accurately 
for (a) the part of the heat due to the container when 
a sample was present, and (b) the heat lost elsewhere 
than to the calorimeter during the drop. The net 
heat contributed by the sample itself equals its dif- 
ference in enthalpy between the furnace temperature 
and 0° C 

The furnace temperature, which was held constant 
to +0.01 deg C during a heat measurement, was 
measured up to 600° C by a platinum thermometer 
and above 600° C by a platinum—platinum—10-per- 
cent rhodium thermocouple. Both measuring in- 
struments, initially annealed and calibrated at the 
Bureau in terms of the International Temperature 
Seale of 1948, were recalibrated during the course of 
the present investigation; the thermometer had re- 
mained unchanged, and the temperature indications 
of the thermocouple had not changed by more than 
0.1 deg C. The conversion factor of the ice calorim- 
eter, 270.48 +0.03 abs j/g of mercury, had been 
determined earlier in hundreds of electrical calibra- 
tions of the calorimeter [3]. Minor corrections were 
made for the very small, unavoidable variations in 
temperature and masses of container materials enter- 
ing the calorimeter. 

The major material constituting the sample con- 
tainer, the alloy 80 Ni-20 Cr, has been shown to 
exhibit an anomaly in heat capacity [5] similar in 
magnitude and temperature range to those of the 
alloys of the present investigation. However, this 
effect always canceled completely in subtracting 
the empty -container heat to obtain that of the alloy 
sample, for the empty-container heat values were 
determined on the same container and at the same 
temperatures as those used for the alloy samples. 


4. Enthalpy Data 


The principal series of individual heat measure- 
ments are recorded in table 2 for the empty con- 
tainer and in tables 3, 4, and 5 for the three alloys, 
which are numbered as in table 1. All individual- 
run values in each of tables 3, 4, and 5 are given in 
chronological order, and all intervening periods of 
time when the samples were in the furnace but no 
heat measurements were being made also are re- 
corded. (In table 2 the values for any one furnace 
temperature are listed chronologically, but the 
temperatures themselves are not.) Each value in 
the fourth column of tables 3, 4, and 5 was obtained 
by subtracting from the corresponding value in the 
third column the mean heat for the empty container 
at that furnace temperature (from table 2) and then 
dividing by the sample mass. 

Although enthalpy values at temperature 
between 500° and 600° C were also desired, no sig- 
nificance is to be attached to the particular choice 


of 557.5 ( 4 


some 





An investigation was made of the effect of dif. 
ferent prior heat treatments on the relative enthalpy 


of alloy 2. Measurements on three specimens of this ' 


alloy that had had different treatments are recorded 
in table 6, in chronological order for each specimen 
A sequence of several measurements at each of the 
successive temperatures 600°, 900°, and 600° C was 
adopted, and the pertinent values from table 4 are 
included for comparison (‘specimen C’’). The mean 


empty-container value of enthalpy (table 2) wags 
used at each temperature. 
TABLE 2 Enthalpy measurements—empty container 
Measured heat Measured heat 
Furnace Furnace 
tempera tempera- 
ture Individual Mean ture, ¢ Individual Mean 
run run 
( ,/ ps ( rhe rhe 
10. 2 2 Ww) & } 
1H i) ans : } - ' 
“ won 7Y¥1.1 y 0.9 
| 70. 7 | 
i 1050 | 
2), 4 1049.9 1049.9 - | + | . 
| 1. 049. ¢ A ) 16.2 ; 3 146.3 
1,611.8 i 3,410.6 
200. 00 1 614.9 1. 612.9 OU. WU 1 3.412.6 3, 411.6 
| 1612.1 | 
| +, OSS ] 
2, 192. 1 mm. ¢ 4, 078.8 4,079.7 
2, 196. 2 | 4076.7 |j 
4100. 04 2, 197. ¢ P 
2, 193.7 4, 195.3 ( 4,764.0 |) 
> 200. 2 ROW). ( sen E i 4, 764.8 
2, 192. 
5, 460.0 . « 
mo | 5,464.4 [f % M22 
TABLE 3 Enthalpy measurements alloy 1 0.02% carbon)* 
Sample mass = 19.8559 g 


Net enthalpy of sample, 
H, 


Furnace Measured H 
tem pera- rime in heat 
ure, ¢ urnace sample plus 
container Individual Mean 
run 
( nin ths ul at 
| {2 1, 404 $5.0 } 
W). OF 34 1, 407.8 45.23 |$ 45.22 
| 54 1, 410.4 45, 3¢ 
—- f 34 2 2096.9 13. 02 See 
. $4 2. 895. 8 42.96 { - 
, 49 4, 435. 142.16 |) 
0). 00 ‘ 44 4, 439.6 142. 36 14 ; 
| 50 4, 441.8 142.47 
44 6, O32 193. 2 
Tint, . 193 
' 44 ( 193. 4 . 
7 “ 1 678. 1 246.14 46 Pe 
14 t i) 246. 0 - 
{ 4 9, 396. 7 01. 43 ) 
600. 00 14 9, 406. 9 x01. O4 + 201.7 
‘ 9, 406, 2 $01. 91 
44 11, 242.0 30). 71 
A) ; 
44 11, 237.3 100). 47 
14 13, 116. 1 120. 6 
a0. 0 . $20. 6 
4 13, 117.0 120. 64 20. 62 
WM 4 15, O48 HN2. 4182.8 
i4 ‘ ik? OK 
. { & 657.8 8 
4 & 657. 1 4 
a | \ iled at 1 ( s } 1 } 
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TABI 





~Or a » . , 
“s Wnthalpy measurements—alloy 2 (0.07% carbon)* Paste 5. Enthalpy measurements—alloy 3 (0.11% carbon)* 
f TABLE } an PY L 0 ’ 1 0 
M dif. 7 
halp Sample mass= 19.9070 g (Sample mass= 19.8347 g) 
; Vv 
of this ’ ) een . 
‘orded Net enthalpy of sample, : Net enthalpy of sample, 
° Furnace Measured Hy r Furnace Measured 1,.— Hoc 
sImen tempera- Time in heat B tempera- | Time in heat Tah Pes 
f ‘ ture, ¢ furnace ample plus ture, t furnace | (sample plus 
of the container Individual Mean container) | Individual Mean 
(* ww n run 
Was ru 
4 as | 7 - ———E ee 
are 
m e ( mi abs abs ig abs jg ( min abs j abs j g~' abs jg™' 
ean $ 1, 405. 1 44.97 . 45 1, 406. 1 45.19 | . 
) was 100. Of ‘ 1, 407.4 5.09 |f 9-08 100.00 1) 45 1, 406.0 45.18 |f 4-38 
s 
{ 2. 891.4 92. 50 op 53 45 2, 890.8 92. 81 ] 
200). OO ‘ 2 992. 4 92. 5S { =. oo 200. 00 60 2, 892.3 92. 89 92. 83 
| 50 2 890.6 92.80 || 
{ 4, 440.9 142. 06 . 
er 300. 00 ‘ 4 439.9 142. 01 142. 04 ann. 00 f 45 4, 437.7 142. 41 \ 142. 39 
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TABLE 6 Variation of the relative enthalpy of alloy 2 with heat treatment and hardness 
Resulting hardness Mean relative enthalpy, Hi— Hoec* 
~ Prior treatment 
Rockwell Vickers 
scale scale t= HOO ¢ t=900° ¢ 
Approx 
ahs ia ahs j q~ 
Hot ed. then machi it l . O11. 35 0.0203 } On 4 .(m) 
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| temperature 
Annealed at 1,120° C (2,0M } 
P r 7 min, then at 1,010" ¢ QOC15T 106 102. 05 +0. 02 483.35 +0. 02(3 
a) } for 20 muir Cooled | 
julescent al 
a The imt ; , surement el parentheses, and the stated tolerance the probable error of the mean. The second value at 600° C 
t pecin \ B ned after the measurements on the specimen at 900° C rhe results for specimen C have been repeated from table {4 for 
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5. Smoothed Values of Enthalpy and Heat 
Capacity 


The mean observed values of relative enthalpy 
in the last columns of tables 3, 4, and 5 were smoothed 
by fitting to them empirical functions of tempera- 
ture whose coefficients were determined by the 
method of least squares. The temperature deriva- 
tives of such functions give reliable smooth values 
of the instantaneous heat capacity in those tempera- 
ture regions where there is evidence that inadequately 
represented irregularities, such as those often caused 
by transitions, do not occur. 

The relative enthalpies of the three alloys per unit 
mass are Obviously so nearly the same at the same 
temperature that a single equation to represent all 
three would be of some practical value. The best 
quadratic function of temperature giving in absolute 
joules per gram the enthalpy at ¢° relative to 0° C 
was found to be 


H,— Hee =0.43954t + 1.0832 (1078. (1) 
The corresponding heat capacity is 
C,=0.4395 +-2.166(10~*)¢. (2) 


The average deviation between the mean observed 
enthalpy for the three alloys and that calculated 
from eq (1) (without regard to sign) is 0.2 percent, 
and the maximum deviation is 0.8 percent. By 
dividing the difference between the mean observed 
enthalpies at two adjacent temperatures by the tem- 
perature difference, an ‘observed’ value of heat 
capacity at the mean temperature is obtained for 
each alloy. These observed values are compared 
with eq (2) in figure 1.6 The average deviation 
between mean and observed heat capacities is 0.75 
percent, and the maximum deviation is 2 percent. 

Equations (1) and (2) do not represent the data 
within their precision. In fact, it is evident from 
figure 1 that there are small but definite trends with 
temperature. A more refined representation of the 


* Two sets of the points in figure 1 have been displaced by 
direction paralle! to the graph line to avoid confusion from « 
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Figure l. Heat capacity of the three alloys 


as represented by | 
a single equation 





used in the 


enthalpy of each alloy was obtained by dividing th, 
whole temperature range investigated into three cop. 


tiguous intervals and then fitting the mean obseryeg) 


values in each interval to an empirical equation 9 
suitable form. In the case of each alloy the ty, 
equations for each pair of adjacent temperature inter. 
vals were required to give the same value of enthalp, 
at the temperature common to the two intervals‘ ’ 

The resulting equations, which give the enthalpy 
of the alloy relative to 0° C in absolute joules pe 
gram at ¢° C, are as follows: 


Alloy 1 (0.02% carbon) 
0° to 500° C: 


H,— Hye =0.49022t+-6.145(10™) 
31.92 logy [(t4-273.16)/273.16], (3 
500° to 557.5° C: 
H ,— Hoe = — 27 .644+-0.54737¢, (4 
557.5° to 900° C: ) 
H,— Hye = — 12.65 +-0.47160t+-8.768(110™)#, 65 
Alloy 2 (0.07% carbon) 
0° to 500° C 
IT, — Hye =0.48367t+-7.279 (10) 
— 29.89 logio[(t+-273.16)/273.16], (6 
500° to 557.5° C: 
H ,— Hee = — 24.63 +-0.5423 1t, (7 
557.5° to 900° C: 
H,— Hoe = —9.55+-0.46256t+-9.455(10™)2, (8 


Alloy 3 (0.11% carbon)- 
0° to 500° C: 


H,— Hee =0 AT887t4-7.584(10-)# 
25.21 logyo[(t+-273.16)/273.16], (9 
500° to 600° C: 
H,— Hye = 10.76 +0.40369t+ 1.3759(10~*)2, (10 
600° to 900° C: 
H,— Hy. 22.06 +-0.49782¢4-7.190(10~°)#.(11 
The differences between the values of relative 


enthalpy given by the preceding equations and the 
corresponding mean observed values on which the 
equations are based are listed in table 7. No com 
parison is included based on eq (4), (7), and (10), as 
the agreement is automatically perfect in these short 
intermediate ranges of temperature because of the 
lack of data at additional temperatures in_ these 
ranges. Only the nonparenthesized entries in the 
table are significant with regard to the actually 
observed behavior of the alloys, as the parenthesized 
differences in a given column are based on extrapo- 
lated values of enthalpy calculated from the equation 
outside its temperature range of applicability. 
Differentiation of eq (3) to (11) with respect to 
temperature gives the corresponding equations for 
instantaneous heat capacity, (>. In the temperature 
ranges of their applicability the resulting equations 
provide the smoothed values of heat capacity given 
for round temperatures in table 9. A comparison 
between these equations and the corresponding mean 
“observed” heat capacities of the three alloys is 
afforded by figures 2, 3, and 4. It will be noted that 
these graphs do not include curves corresponding to 


eq (4), (7), and (10). These three equations give 
the best smoothed representation of the heat capaci 
< None of the values of table 4 followir the first two rums at 557.50° C was 


derivation of the equations 
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transition 
The heat 


capacities change rather rapidly with temperature in 
this region, and data were not obtained at a sufficient 
number of temperatures to establish the heat capac- 
ity in this temperature range with high accuracy. 
However, the temperature interval is small, so that 
the resulting percentage uncertainty in the enthalpy 


change of the alloy is small for ¢ 


i large te 


mperature 


interval and is negligible when the interval includes 
the entire region of enomaly , 


6. Discussion 


The heat capacities of the simplest crystalline ma- 
terials are usually found to have reproducible values 
that increase in a regular manner with temperature. 
The allovs of the present investigation depart from 
this uncomplicated type of behavior in two appar- 
ently distinet respects 
perature increases and passes through the region 


between approximately 500° and 600 


In the first place, : 


C, 


is the tem- 


the heat 


capacity rapidly increases to a magnitude between 


> and 


4654845 


> s 


5 percent greater than that which would be 


obtained by extrapolation from lower temperatures, 
and this change apparently takes place rapidly during 
either heating or cooling. Such an abnormally rapid 
rise of heat capacity with temperature was found to 
occur in the case of all three alloys investigated, the 
average temperature of rapid rise increasing slightly 
from alloy 1 to alloy 3. In the second place, much 
smaller and much slower changes in enthalpy (or 
mean heat capacity) appear to have occurred follow- 
ing changes in thermal history in the case of one of 
the alloys (No. 2). 

The first anomaly is shown in a simple way by the 
heat-capacity-temperature graphs of the three alloys 
in figures 2, 3, and 4. Each continuous curve repre- 
sents a single empirical equation, but only the solid 
portion of the curve fits the observed data, the dashed 
portion constituting an extrapolation where the devi- 
ations are large. When each of the alloys passes 
through the temperature region of anaomaly its heat 
capacity rather abruptly shifts onto the other curve, 
suggesting that in the process the alloy undergoes 
some type of transition accompanied by a change in 
its physical properties. Anomalies in the linear ther- 
mal expansion, the electrical resistivity, and the ulti- 
mate and yield strengths of the same alloys have 
been found to occur in approximately the same re- 
gions of temperature as the heat capacity [2, 6]. 
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The present enthalpy measurements provide an 


upper limit to the time required for this transition 
to occur in these alloys. Some experimental esti- 
mates of cooling rates in the calorimeter indicate that 
when the samples had been initially brought to tem- 
peratures above the anomalous region, they 
from 600° to 500° C less than half a minute, a 
rate that is thus fairly rapid, but would in general 
be comparable to the rate of quenching only in the 
case of much more massive samples. The total heat 
thus evolved by the sample as it cooled to 0° C is 
given by eq (5), (8), or (11), which corresponds in 
part to the area under a combination of the low- 
and high-temperature solid curves of figure 2, 3, or 4, 
respectively. 

In this process of cooling one of the alloys from a 
high temperature, the heat-capacity curve in the 
temperature region of anomaly which will complete 
the accounting for the total observed enthalpy change 
is not uniquely defined by the data but may be 
reasonably assumed to join smoothly the low- and 
high-temperature solid curves. The observed en- 
thalpy changes prove that this short intermediate 
part of the curve possesses no hump except possibly 
a small one. In fact, it may be that no hump at 


cooled 


all exists, a situation approximating a zero heat ¢ 
(first-order) transition. This situation is rath 
unusual. but has been reported in the cases of th} 
similar alloy 80 Ni-20 Cr [5] and cobalt metal (7 

The sample of the “ti that was investigated hg 
a composition analogous to that of the present alloy 
(77% Ni, 20% Cr, 0.4% Fe, 0.6% Mn. 1.4% § 
0.04%, ©), and was found to have a very similar shit 

in its heat capacity-temperature curve. 

Probably the most significant fact about tl 
apparent slow changes of relative enthalpy observe 
with alloy No. 2 is their smallness. Strictly spe aking 
these small changes should be attributed not to ¢j 
alloy specimen alone but to a combination of th 
alloy and the alloy 80 Ni-20 Cr constituting th 
container. All the heat measurements on the allo 
specimen were carried out in this container, and t} 
effect of prolonged times at elevated te mperaturs 
on the enthalpy of the empty container was y 
determined. For this reason there is no proof thg 


the observed trends with time are not due, at leas 
in part, to the container itself. However, as pointe 
out above, the chemical compositions of the tw 


involved are analogous. Hence if sma 
were not actually exhibited by the allo 
specimen, they must have been by a similar alloy 

The variation of the relative enthalpy of alloy 

with hardness is shown in table 6. The first valy 
at 600 for the three specimens, determined in 
mediately after the respective treatments indicate 
show an increasing enthalpy with decreasing hard 
ness, the total change of enthalpy amounting to 0: 
percent and lying well outside the limits of precisio 
of the measurements. The subsequently dete 
mined enthalpies at 900° C show no systematic varia 
tion with hardness, but in the case of specimens . 
and B the enthalpy was then remeasured at 600° ( 
and found somewhat lower than before. It will b 
noted from table 4 that holding specimen C fo 
several hours at 557.5° C resulted in a decrease ¢ 

relative enthalpy of 0.1 percent at this te mperatur 
but that the original higher value (at 557.5° C) wa 
restored after renewed exposure of the specimen t 
900° C. The causes of these small systematic vari 
tions in enthalpy were not determined. 


alloys 
changes 
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Relative Strengths of Forty Aromatic Carboxylic Acids in 
Benzene at 25° C.’ 


Marion Maclean Davis and Hannah B. Hetzer 


The relative strengths of benzoic acid, 
stituted derivatives, and one 
equilibrium constants (A’’) for association 
in benzene at 25 C. The measurements 
the indicator acid bromophthalein 
as the reference acid, the 


acid 
associate 


2,6-dihydroxy-p-toluic) 
acids appear to 
experiments 


Plotting log K’’ 


the acids gives an essentially linear relationship in the case of 
substituents only, 

the line for m-substituted acids. Similar 

relative strengths in alcohols or dioxane-water 


marked solvent effects. 
theoretical implications 
oretical discussion 


and possible 


1. Introduction 


Earlier reports from the Bureau [1]? have dealt 
with qualitative and quantitative aspects of acid-base 
reactions in benzene at 25° C, placing particular 
emphasis on the behavior of different types of organic 
bases with the three indicator acids, bromophthalein 
magenta E (tetrabromophenolphthalein ethyl ester), 
picric acid, and trinitro-m-cresol. In this study in- 
formation previously gained has been applied in 
measuring systematically the relative strengths of a 
group of related carboxylic o ‘nzoic acid and 
various substituted benzoic acids—in benzene. The 
method consists of determining mastongianiininidale 


acids 


eally the equilibrium constant for the association of 


the « ‘arboxylic acid with the reference base, diphen- 
yiguanidine, in the presence of the indicator acid, 
brmophthalein magenta E, which competes for the 
base. Each acid is assumed to react with the base 
inconformance with the equation 


B (base)+-A (acid) @BA(salt). (1) 
The equilibrium involving bromophthalein magenta 
E (yellow in benzene solution diphenylguanidine 
colorless), and the salt formed by their association 


This research was supported in part by the 1 oy i States Air Force, through 
the Air Force Office of Scientific Research of the Air Research and Development 
Command, under contract No. CSO-670 21 

Figures in brackets indicate the literature references at the end of this paper. 

The salt BA is considered to ;nsist of hydrogen-bonded ion-pairs. Sec 

and references cited thereit 


31 of its monosubstituted derivatives, 7 
trisubstituted derivative 
with the 
were 
magenta E (tetrabromophenolphthalein ethyl ester) 
equilibrium constant K’ 

diphenylguanidine being known from previous work. 

and 2,4,6-trinitrobenzoic 
completely with diphenylguanidine 


values against the corresponding pA values for 


comparisons were 


disub- 
have been measured in terms of the 
reference 3-diphenylguanidine 
performed spectrophotometrically, using 


base 


for association of the indicator with 
Equilibrium constants for p-orsellinic 
acid could not be measured, as these 
under the conditions of the 


aqueous solutions of 
acids with mela- and para- 


but the line for para-substituted acids has a slightly different slope from 


made with published data on 


mixtures. ortho-Substituted acids show 


Iixplanations of the solvent effects have been suggested, and various 
applications of the 
includes evaluation of constants of the 


discussed. The the- 


equation. 


results are 
Hammett 


(magenta) was previously studied |1 (a), (e)]. The 
data from this former study, together with absorb- 
ance data at 540 my obtained in the present study 
have been used to calculate the equilibrium constants 
K’’ for the association of the various carboxylic 
acids with diphenylguanidine. 

The acids studied included 31 acids having a single 
substituent atom or group in the ortho-, meta-, or 
para- position, In addition, 7 disubstituted benzoic 
acids and 3 trisubstituted acids were studied. Two 
of these acids —2,6-dihydroxy-4-methylbenzoic (p- 
orsellinic) and 2,4,6-trinitrobenzoic—combined so 
nearly completely with diphenylguanidine that their 
association constants could not be measured, and 
one of the acids (o-methoxybenzoic) was so unreac- 
tive that its K’’ could be only approximately 
measured. 

Benzoic acids have been investigated more exten- 
sively than any other group of ac ids with respect to 
their comparative strengths in aqueous and non- 
aqueous solvents (notably alcohols and dioxane-water 
mixtures). In the discussion to follow, the results 
of such previous studies are compared with the rela- 
tive strengths in benzene found in this investigation. 


2. Materials 
2.1. Miscellaneous 


The benzene used as solvent was of reagent grade, 
stated to meet ACS specifications. It was stored for 
at least a week over anhydrous calcium sulfate, then 
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A final boiling to remove moisture was 
shortly before Bromophthalein 
(tetrabromophenol phthalein ethyl 
of the product previously described 
high grade | 3-diphenyl-quanidine, 
C,H;NH-C(=NH)-NHC,H,, that had been crystal- 
lized from toluene was heated to about 67° in a 
vacuum oven to remove residual solvent. The 
melting point of the dried product was 149.4° to 
149.9° C, and the purity as indicated by titrations 
in and in ethanol was 99.8 


percent.’ 


distilled. 
performed 
magenta 
was a part 


fl (a)]. A 


use. 
ester) 


EK 


acetic acid aqueous 


4 Later experiments have shown that diphenylguanid be heated in an 
ordinary oven for as long as 24 |! 80° C and for as lon 117° C without 
iny noticeable effect on the melting point or the absory etru n absolute 





2.2. Acids , 


Table 1 gives the list of acids used, with thej 
melting points. The melting points agreed close) 
with accepted values in the literature.’ 


a. Acids of Commercial Origin 


o-AA etorybe nzore acid (acetylsalicylic acid, “Asp 
rin”) in tablet form was recrystallized twice frop 
benzene. Insoluble matter was removed in the firs 
recrystallization. After a final washing with eyelp 
hexane the crystals were heated to about 60° in 


For example, see [2] and other references cited as sources of the pK valyg 
that are also listed intable 1. In regard to the measurements of the melting poi 
see footnote 4 of table | The log A values listed in table 1 are discuss. 


section 4 


ethanol 
TABLI l List of aromatic carboxylic acids and pertinent pl ysica’ constants 
I A K water Log A pK in wat 
Name cid Melting point Pu benzene it 25° ¢ Na ‘ cid Melting point Purity benzer at 25° ¢ 
e ( it 24° ¢ 
( Monosubstituted t | Continued 
BenzZois 121.8 to 12 100.0 nm 120 1.2] 
( 
Monosubstituted benzoic *o- Methvlbenzoic 14 14 1 OF Oy 
»-Toluic 
*m-Methylbenzoi li2to 113 1.27 (4.94 
»-Acetoxvbenzok Aa 133.5 to 13 2 $4 loluic 
tylsalicylic, ‘Aspirin *n-Methvibenzois Is] ‘ 1.37 (4.34 
o-Aminobenzoic (Anthra 46 to 147 104 1.0 p-Tolute 
nilic *o-Nitrobenzo 147 to 148 7.44 217 
Aminobenzoi 77 toys 19 i . Nitrobenzo M41 to 142 x? $496 3455 
p-Aminobenzoi Ish to Sh 14 80 
*o- BromobenzZoik 144 to 149 6.17 2.8 Nitrobenzok 245 234 x) 63.42 3440 
*m-BromobenzZoic IM.5to 15s 6. OF s] 
*p-Bromobenzoi 253.5 to 254 st $07 $i) Polysubstituted ben ‘ 
*o-C hlorobenzoik 141 to 142 Us 2.04 
*m-C hlorobenzZoic 155 to 1M HO 783 
*p-C hlorobenzok 239 to 2 ed $US , Oo ( 
2,4-Dichlorobenzoi 163 to 164 "0.9 ( 2. 7 
*m-C yanobenzok 214.5 to 21 ‘ $i *2.6-Dichlorobenzo 143 to 144 wo 7 34 1. 82 
*pC yvanobenzok 19.5 to 220 | ; to4 $. 4-Dichlorobenzoi 206 to DOT mS 6. 48 , 4 
n-Dimethylamino 151 to 152 +80 ! 2,6-Dihvdroxy-4-methyl About 152 ou 4 ) t 1.30: 5 
ben Zoic benzok 2,6-Dihy to 153.4 d t 
*o- Fluorobenzoi 124 2 97 droxy-p-tolu p-Or neasure 
*m-F luorobenzoi 123 1 24 M4 4 st sellinic 
*? §-Dimethoxv benzoic INT ISS m1 1 ow $44 
*»-F luorobenzoi IsZto Is4s!t +14 
*9 §-Dimethviber ‘ 114 1 24 ,2 2 
»-Hydroxybenzoie (Sal 158 ’ 7.4 5M 2 Xvi 
ey lic },5-Dimethylber 17 03° 4.30; > 43% 
i-Hydroxy benzoic 201. 5to 22 0s t.5-Xvl Mie 
p-tydroxy benzoi 214 » 21 14 1.58 lenic 
*o-lodobenzoi lt fi2 22 2.8 2 4 $.5-Dinitrobenzoi m4 A) &. 23 9 82 
*9 46-7] nethvibenz 152 ; On 4.44 $4 
*m-lodobenzoi 1S; Iss 3.8 3S B-Isodu Mi 
$.7u toi 
*p-lodobenzZoik 270 to 271 ‘ ; ON 1,6-Trinitrobenzoi 21 223 d ” l eu .¢ 
o-Methoxy benzo lO] 12 Bb t 
o-Anisi uN 
n-Methoxy benzoi Ww Ww ts 109 
m-Anisic 
n-MethoxvbenZoi ISS t s4 ae 14 
Anish 
Asterisks indicate the ela-, par th ind d h it ited is t (+. Briegleb and A. Bieber, Z. Elektroche a5, 250 (19 
log K” and pK data for which were used in calculatir juatior r tl Critical compilation of ionization constants t I. Kenda I Crit. Tabk 
four lines shown in figure land 2 Vi, p. 259 VMicGiraw-Hill Book ¢ New ¥ re Ww FY 1920 
Determined by the capillary-tube method, usir 1 ASTM the meter At 17° the K-value 2.72 10-4 pK 3.56 vas ot ned t L. J. Edwar 
kept at 3-in. immersion. We are in agreement with a pr us report (J. F. J lrat Faraday Soc. 46, 723 (1950 
Dippy and R. H. Lew J. Chem. Soc. 1936, 644) that ht softening a few S. Kil id P. Harjanne, Suomen Ker tilehti [B] 21, 14 MN 
degrees below the melting point seems to be a prope a wcids ] k S. Wideqvist, Ark Kemi 2, 387 (1950 
some cases partial sublimation was evident well below por \ Cc. Ca ng, Proce. Roy. So« I do A] 78, 103 (1906 
few cases in which sublimation (sb.) or decompositior 1 emed espe F. Bradley and W. ¢ M. Lew 1. Phys. Chem. 2, 782 (192 See als 
marked are noted in the tablk S. Korman and V. kK. LaMer, J. Am. Chem. Soc. 58, 1396 (1936 
The percent purity stated is based on potent é \ tration I 1. M. Vandenbelt, C. Henrich, and 8S. G. VandenBerg, At Chem. %, 7 
other cases the purity probably ranged from 99.5 to 100.0 per but 100-perce 1954 
purity was assumed in making computatior M. M. Dav ind H. B. Hetzer. J. Phy Che 61, 123 (19 
ik” is the equilibrium constant corresponding to the following equatior M. M. Dav ind H. B. Hetz npublished valu . tiomet 
4 (acid)+B (hase)<28 (salt), where A is the aromatic acid in question, B ' stior 
1,3-diphenylguanidine, and 8 is the salt formed by the addition of A to B It iM. M. Dav ind H. B. Hetzer, J. Phys. Chem. 61, 125 (1957 
is assumed that any other form of association (such as self-associatior {orB I. F. J. Dippy, 8. R. C. Hughes, and J. W. Laxton, J. Chem. Soc. 1954, 147 
is negligible under the conditions of the experiment * R. W. Hufferd and W. A. Noyes, J. Am. Chem. Soe. 43, 925 (1921 
When available, recent measurements giving ‘‘t! pK valu I. F. J. Dippy, S. R. C. Hughes, and J. W. Laxton, J. Chem. Soc, 1% 
are cited 204, The value (2.38) for 2.4.6-trinitrobenzoiec acid cited by G. F. Smith aa 
Measurements by Dippy and associat 1 t  § I. Dipy Che D. H. Wilkir Anal. Chim. Acta 8, 209 (1953)) seems to have been derived D 
Re 25, 151 (1939); see Table I-( 1), Pp. 206 rroneous treatment of potentiometric titration data 
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> acuum oven for several hours. 


Kenzoie acid was 
VBS Standard Sample for calorimetry and _ acidi- 
metry, and p-methorybe nz0ve (anisic) acid was NBS 
Standard Sample for microanalytical determination 
of methoxyl. 2, 4,6-Trinitrobenzoic acid was used 
without treatment; the purity found by titration was 


99,3 percent. All other acids of commercial origin 


> wore recrystallized at least once, using decolorizing 


carbon remove any colored impurities. The 
saivents used for recrystallization were water, 
aqueous ethanol, benzene, cyclohexane, or benzene- 
eyelohexane. Samples were dried in a vacuum oven 
at temperatures high enough to ensure removal of 
solvent without incurring the danger of anhydride- 
formation or substantial loss of the acid through 
sublimation 


to 


b. Other Acids 


m-( ‘yanobe nzoie acid. m-Aminobenzoic acid was 
converted to m-cvanobenzoic by the Sandmever 
reaction [3], following essentially the procedure of 
Valby and Lueas [4] for preparing p-cvanobenzoic 
acid. After three recrystallizations from water 
using decolorizing carbon the first two times) and 
intermediate extractions with benzene (which re- 
moved a little brown, insoluble material), followed 


by heating in a vacuum oven to about 104° C, the 
product (needles) melted at 214.5° to 216° C. The 


final recrystallization did not alter the melting point. 
A trace of the related antidiazotate, which is formed 
as a byproduct in the Sandmeyer reaction, was 
probably present in the final product. Others, work- 
ing with much larger amounts of material and after 
repeated recrystallizations, have obtained products 
with melting points ranging from 217° to about 221 
3.5.6) 

p-( yanobe nzove acid The svnthesis of p-cVano- 
benzoic acid closely paralleled that of the m-isomer. 
The crude product was recrystallized three times 
fom water (using decolorizing carbon) and then 
from benzene. After washing with evclohexane and 
air-drying, the product was heated to about 65° C 
mavacuum oven. The melting point was 219.5° to 
220°C. Others have reported the melting point as 
being 218.5° to 219.0° [4,6] or 219° [7]. Our product 
crystallized repeatedly in the form of needles, al- 
though previous workers who have mentioned the 
crystalline form referred to it as microscopic leaflets 
7} or plates {4}. 

0-Fluorobenzoie acid and m-fluorobenzoie acid were 
prepared by oxidation of the corresponding fluoro- 
toluenes, using the procedure and molecular propor- 
tions described for the preparation of o-chlorobenzoic 
acid is 2? 6-Dichlorobe n ~O1C acid and 2 6-dimethory- 
benzoic acid were prepared as previously described 
19, LO}, 

2.6-Dihydrory-4-methylben oie acid. 
The carboxyl group was introduced into oreinol 
| .d-dihvdroxy-4-methylbenzene) by heating it with 
aqueous potassium bicarbonate [11]. The product 
crystallized in needles from benzene; titration gave 
a purity of 93.1 percent, indicating that about 71 


( p-orse llin ic) 


| percent was present as the monohydrate. The 
| material was then heated to about 100°C in a 
vacuum oven, after which its purity by titration was 
99.9 percent when the sample was dissolved at room 
temperature on the day of the titration.® 

3,5-Dimethylbenzoie acid was a byproduct from the 
preparation of nitromesitylene. It was purified by 
recrystallizations from aqueous ethanol, using de- 
colorizing carbon. To prepare 2,6-dimethylbenzoic 
acid, 2,6-dimethylaniline was converted to the 
corresponding iodoxylene by the Sandmeyer reaction. 
The Grignard reagent was then prepared, and 
carbonation was effected with “dry ice’, using 
conventional procedures. The product was recrystal- 
lized from water. 2,4,6-Trimethylbenzoie acid was 
prepared in an analogous way, starting with bromo- 
mesitvlene. 


3. Experimental Procedures and Results 


3.1. Procedure and Apparatus 


In most experiments 5 10-*—M stock solutions 
of bromophthalein magenta E (A’) and of diphenyl- 
guanidine (#8) were prepared, and portions were 
transferred to 50-ml volumetric flasks in such quan- 
tities that upon dilution to the mark the stoichio- 
metric concentration C,, of bromophthalein magenta 
was exactly 5 107° M and the stoichiometric con- 
centration C, of diphenylguanidine was nC’, n being 
0.5 or a whole number ranging from 1 to 4. Stock 
solutions of the carboxylic acid (A’’) were approri- 
mately 510-* M, and in the final mixtures the 
stoichiometric concentration C,, was n’’C,,, with n’’ 
usually ranging from about 0.5 to about 6.7 The 
K’’ values reported were usually based on the results 
for ten different mixtures. 

It seems very unlikely that for the solutions under 
study the presence of traces of moisture would 
noticeably affect the results, but all practicable 
measures were taken to minimize the moisture 
content. (1) The glassware used was thoroughly 
dried and thereafter stored in a desiccator or in a 
“dry box’? maintained at about 10 to 30 percent 
relative humidity. (2) The benzene used for 
diluting solutions was boiled shortly before use and 
protected against moisture while cooling to room 
temperature. (3) Flasks containing the desired 
amounts of diphenylguanidine and bromophthalein 
magenta diluted to about one-half the final volume 
with benzene were heated until about 10 percent of 
the benzene had boiled off, and the contents were 


Che sample could not be brought to constant weight by repeated heatings in 
the vacuum oven, probably because of slight decarboxylation and sublimation 
during heating. A lower titer was obtained when the solution had stood over- 
night or had been heated to hasten dissolving of the sample. The melting point 
cannot be used as a criterion of purity, because softening and evolution of gas 

doubtless carbon dioxide) occurs gradually. The more gradual the heating, the 
lower the temperature at which pronounced evolution of gas begins and the more 
extended the temperature range over which decomposition occurs. The melting 
behavior before and after oven-drying appeared to be about the same. In one 
experiment, a specimen of the oven-dried product showed slight shrinking from 
ibout 149°, incipient liquefaction and bubble-formation at about 152.5°, and 
marked liquefaction and evolution of gas at 154° to 155° C. Compare [11). 

Solid samples were weighed on a high-precision assay-type balance when the 
1mount taken was less than 0.1 g. 
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protected from moisture while cooling. (4) The 
stock solutions of carboxylic acids were freshly 
prepared each day, using vacuum-dried samples and 
minimizing their exposure to moist air. Solution of 
the samples and subsequent operations of transfer, 
dilution to the mark, and filling of optical absorption 
cells were performed in the dry box. (5) In some 
cases desiccant was present in the cell box during 
absorbance measurements. 

The changes in absorbance that accompany the 
conversion of bromophthalein magenta E to its 
diphenylguanidine salt have been described pre- 
viously {1 (a), (e)|. The salt has an absorption band 
with a maximum near 540 mug, and none of the other 
reacting species dealt with in these studies shows 
measurable absorption at this wavelength. The 
absorbance at 540 my decreases upon the addition of 
a carboxylic acid, owing to the competing tendency 
of this acid to combine with diphenylguanidine 
Measurements at 540 my only were used in the 
investigations under discussion.” A Beckman Model 
DU quartz spectrophotometer was used for trans- 
mittance measurements, the temperature being main- 
tained at 25.0°+0.1° in most of the experiments by 
the use of a thermostated air bath 1(f)|. The 
glass-stoppered absorption cells had quartz windows 
and were of four lengths (2.5 mm, 5.0 mm, 10 mm, 
and 20 mm) [1 (a)|, the cell length being so selected 
that usually the transmittance values were within 
the range 20 to 70 percent For calculations of A’’ 
the transmittance values were converted in the usual 
way to absorbance (the negative logarithm of the 
transmittance) values 


3.2. Experimental Data and Calculation of 
Association Constants 


The equilibrium constants A’ and A’’ corre- 
sponding to eq (1) are 

A’ 2 

Kk” 3) 


where the quantities in brackets signify molar con- 
centrations of the different species in the equilibrium 


* It has been found that the absorbance measurements made after dilution 
volume are unaffected by such heating, and that mixtures of these two com 
pounds can be preserved for a long time without alteration if not too concentrated 
Crystallization of the salt occurs on standing if its concentration iS great a 
5x 10-4 M In later parts of the work the practice was adopted of preparing 
enough of these two stock solutions for several series of measurements and trans 
ferring samples to other flasks without delay (that hefore the concentrations 
of the stock solutions could be significantly increased by evaporation of the 
solvent), diluting the mixtures to about one-half of the final volume, and com 
pleting the experiments at convenience 

*This statement needs slight qualification. Each freshly prepared stock 
solution of bromophthalein magenta E was checked by dilution of a sample to 
5<10-5 M and measurement of the transmittance at 405 my; for a 2.5-mm light 
path this was found to be 47.1 to 47.2 percent An additional check was made at 
540 my on a second solution in which C,’ and C» were both 510-5 M: with thi 
solution in a 2.5-mm optical absorption cell a transmittance reading of 41.3 or 


41 4 percent was considered acceptable 


mixtures. 2, A’, and A’’ were defined in section 3? Tssut 
S’ and S” refer to the diphenylguanidine salts , 
bromophthalein magenta E and the carboxylic agi 
respectively. Of necessity the activity coefficiens 
are all assumed to be 1, but in such dilute Solutio) 
this is a very reasonable assumption 

Applving these two equations the followi 
expression was derived algebraically and used 2 
calculating the A’ values: 10. 4 


where z C/L) nL—Z) and y L/AK’) [Z/(L~7 
/ is the absorbance of a given solution at 540 m 
per unit optical absorption cell length (here take 
as 5 mm); Z (here taken as 1.017) is the limit 
absorbance for the reaction of A’ with B whe 
C,’ is 5& 107° M and the cell length is 5 mm: K’ , 
25° Cis taken as 2.5 10°: }! and the remainiy 
symbols are as already defined in this pape 

Experimental data and the calculated A’’ valu 
for 40 acids whose association with diphenylguanidiy 
under the stated conditions was measurable ar 
presented in table 2.2 The values of A’’’ must b 
regarded as provisional until factors that may affe 
their accuracy have been more thoroughly studie 
These factors include competitive associations, 
traces of impurities, partial adsorption of reactant 2 
on the surface of vessels,"* and the marked sensitivit 
of the equilibria to minute changes in the Lempel - 
ature In most experiments ho values wer 
excluded in computing the average A’’, but in a fe 
cases (indicated in table 2 widely divergent valu 
were arbitrarily excluded. Obviously, some propor 
tions of reactants are more favorable than other ~\, 
for obtaining accurate results, and the best result 
should be obtainable with acids that nearly mat 
bromophthalein magenta E in strength 

It is worth noting that for most of the acids th 
log A’’ value obtained upon measuring the mixtu 
containing each of the three components (B, A’, an 
A’’) at the stoichiometric concentration 5x 10) 
differed by no more than 0.02 unit from the logarithi 
of the average value of A’’. This suggests a qui 


method for obtaining a cood approximation of tl : 
association constant A’, = 
\ 
In this paper the usual symbo 1) for absorbances replaced by the sym 
Z in order to avoid confusion with the use of A in referring to acid 
For this work the measurement of A ee [1 (a) (¢ was repeated. In de 
un attempt was made to define the L-value (formerly taken as 1.02) m 
precisely as well as to introduce further improvements in technique rhe val 
{ K’ is very sensitive to the temperature 
An example of the method of calculating (as we is of correcting) K”’ is giv 
n section 4.1, table 4 
See section 4.1 
‘ For examples of such adsorption see [1 , p. 243 and 246, and [1(e)], p. 44 
The temperature effect is ing studied rhe enthalpy change accor I 
panyving the reaction of bromophthalein magenta E with seven of the aromat 
carboxylic acids appears to range from about 14 to about 19 kea 
i 
1 
AV 
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‘ction 2 ‘ TaBLi ) Ex pe mental data and association constants for the reaction o} aromatliu carboxylic acids with 1 ,3-diphenylqguanidine 
» 


[ be ; . ; 
in benzene at 25° ¢ 


C Salts , 
Vie agi 
efficiens ( 
Solutio) 


Z kK Ce* n Z A C4’'* n Z: Ka 


Ber o-Bromobenzoic acid p-Chlorobenzoic acid 

follow; 43x It SS 7x 2. 52810 0.5 0. 1910 1. 53x10 2. 544210 0.5 0). 2441 6. 95 10 

y e 43 ( 232 1.73 O56 0972 1. 5S 5. ORS 5 1562 6. 51 

used 4 192 is 2 506 1.{ O68 1. 40 2. 542 1.0 5421 6.43 

493 i N7 022 1.0 2782 1. 54 5. 021 1.0 3635 6. 78 

41 8474 6Y 10. 112 1.0 1138 1. 5! 10. 176 1.0 1084 6. 62 

OR 2.0 67 2t SO 5. O12 2.0 7905 1. 30 5. OSS 2.0 7905 10. 1* 

EQ 2 4132 83 0. 044 2.0 {RH2 1. 50 10. 170 2.0 4049 6. 51 

O83 S74 NN 15. O6F 2.0 2000 1. 5 15. 063 2.0 3279 6. 40 

24 104 oO *). 224 2.0 1204 1. 49 20. 352 2.0 2362 6. 32 

( 448 sD 30. 130 1.0 2314 1.43 20. O84 3.0 4191 6. 21 
" 83x 10 Average 1. 48 10 Average 6. 56105 


L P m-C yanobenzoic acid 


- Acetoxv be Bromober wid 
40 n | | 
_ ‘ 2. 52710 0.5 0. 1367 3. 8210 
re taki 5 O14 5 0490 4.06 
limitiy 9 ys 12 ix 10 1. 20 10 1.0 0. 6502 1.12K 10 2. 527 1.0 4789 2. 5 
B 9.57 is 1.9 2 500 1.0 241 0. 97 5. O85 1.0 1958 3. 70 
, whe (038 m4 63 2 500 1.0 200) 1. 06 10. 170 1.0 0534 3. 98 
‘ Py 07 r 2218 4 2 500 1.( 147 1.19 10. 109 2.0 2815 3.43 
ny K a 999 2 162 20) , rH 10 3070 116 15. 255 20 (997 3. 84 
‘manny 440 J 5409 ; O00 1.0 s2 1. 2 20. O57 2.0 0593 3. 84 
”). 151 2 2612 i7 6. 250 1.0 2306 1. 20 15. 163 3.0 3401 3. 28 
2933 ) m3 41 3 Th 1.0 1045 1. 2. 340 3.0 1416 3. 6S 
” 148 ( sé Is 10. 000 1.0 1358 1. 23 2 
Valu 9). 597 7 1429 i4 12. 500 1.0 1056 1.21 Average 3. 65 10° 
vanidi 15. O00 1. 0576 B. Be 
4 " x 10 1). OOO 1.0 oOns4 1. 17 
ible al 5. 000 2.0 TOSS 1.03 p-Cy anobenzoic acid 
0. 000 20 4179 1. 2 
must bh 12 500 2 ( 3063 1.18 
aff = 5. 031K 10 0.5 0. 0498 3. 06 LOF 
LV after , Average 1. 16x 1 2. 537 1.0 1789 2.74 
studie ». O44 1.0 2078 3. 30 
. > O48 1.0 2062 3. 36 
ations, ™ ' ied 10. 061 1.0 0556 3. 87 
mectant ® £29 . oo p-Bromobenz wid 15. 179 1.0 0305 3. 86 
eactan -- -- oer ; X), 239 1.0 0214 3.77 
nsitivit 519 i 02 ). O75 2.0 7747 2. 86 
r Bo ‘ , ge . 4 10. ORS 2.0 G34 3.13 
Lempel B 1A2 oO 2 e a7 1 wx 10 0.5 0. 3054 7. 36 10 10. 005 2.0 2016 3. 16 
, ; 7 a I94 S : 2 490 2381 7.88 15. 092 20 1059 3. 66 
S Wer . | - o > > — 5 042 ; 1409 7 5B 2%). 122 20 0604 3.74 
in a fe 127 ay 14 20 2. 490 1.0 5406; 7. 20 25. 299 2.0 0420 3.73 
¢-+ Be? aan 1. 978 1.0 3605 7.11 15. 133 3.0 3538 3. 00 
t valu va - ae : ~ 9. 957 1.0 1911 7.31 15, 224 3.0 3507 2.94 
. F ~4 *¢ ont ~ 5. O02 2.0 7959 10. 1" 25. 299 3.0 . 0872 3. 67 
propo oa , : 8. I 10. 004 2 0 1908 7 09 1). 299 40 . 4012 2.75 
} other A eee | & 783x104 15. 126 2.0 3072 7.2 
i ne ‘ 20. OOS 1.0 6289 6.85 A verage 3 38x 100 


result 


§ Average 7. 28X10 
mate m-Dimethylaminobenzoic acid 


cids th - o-Chilorobenzoic acid 2. 50910 0.5 0. 3836 7.43104 
2. 509 1.0 > BOSS &. 21 
MAIXtul = HEX N - 25 8. 93>< 104 5. 139 1.0 5916 7.89 
1’ WSS 52M ». 5Y 10. 270 1.0 4882 7.70 
* » an 2.612 1.0 HIM ¥. O4 sO 10 0 0. 2034 1. 30 10 5. 135 2.0 S706 &. 31 
1075) 224 1.0 N$2 8. 41 5. O48 F 1102 1. 28 10.277 20 7680 7.88 
ors Vv. 00 1. 72 4.24 > OG 1.0 143 1.18 15. 405 20 6820 7. 67 
zarithi — > a 7. 40 5 O78 1.0 sOU2 1.19 10. 277 3.0 9070 7. 61 
‘ D. 187 2.0 bt 8. 49 10. 097 1.0 1334 1. 25 15. 405 3.0 8404 7.53 
il quit 28) «.0 67 8. 21 5 O78 2 0 7905 1.04 20. 073 3.0 7766 7.71 
1 of tl a0. 14 2. Ot 8. 16 10. 023 2.0 4214 1.16 
oi . 0 S314 8. 00 15. 034 2.0 2299 1. 22 Average 7.79108 
vecinedi 0 (44 20. 194 2.0 1505 1. 23 
7 20. 046 3.0 4080 1. 16 
is“ 104 0 Fluorobenzoic acid 
Ave y 1. 2010 
the 
2. 56910 0.5 0. 2541 5. 9210 
In dk (m bet i 5. 035 5 1603 6. 57 
1.02) m n-Chiorobenzoie acid 5. 211 5 1637 6. 00 
rhe val 2. 569 1.0 5467 5.72 
5. 211 1.0 3686 5. 92 
Ki 2. SSY { 4222 2.15 104 5. 232 1.0 3625 6.19 
10) 2 3. 83 2. 50510 0.5 0. 2028 1.3110 10. 422 1.0 2069 5.93 
2. 528 1.0 130 4. 20 5. 011 1157 1.19 10. 466 1.0 2062 5. 92 
( p. 49 057 l 6708 3.01 2 505 1.0 5186 1.08 5. 232 2.0 7905 7. 11° 
ge accor 10. 179 1.0 6178 2.53 5 Ol 1.0 3063 1.17 10, 422 2.0 4989 5. 84 
i@ aromat 057 2.0 70 2. 59 10. 022 1.0 1428 1.14 10. 466 2.0 4076 5. 81 
10. 356 2.0 Sit 2. 65 10. 168 2.0 4134 1. 16 15. 105 2.0 3410 5. 90 
15. 269 2.0 8134 2. 61 15. 253 2.0 2343 1.14 15, 634 2.0 3298 5. 85 
178 0 ISTS 5. O5* 1). 043 20 1626 1.12 15.413 3.0 5R50 5. 71 
10.114 0 1344 3.05 15. 253 3.0 4805 1.11 20. 551 3.0 4248 5. 67 
15. 269 3.0 144 2. 43 20. 337 3.0 3054 1.13 30, 826 3.0 2636 5.73 
Average 2. 80 104 A verage 1. 16106 A verage 5. 91X10 
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reaction of aromatic carborylic acids with 1,3-diphenylquanidine 


TABLE 2 Experimental data and association constants for the 
in benzene at 25° C—Continued 
Cer n Z K’'d C.’"* nt Zz K"'4 Cy - | Ze K"'a 
n-Nitrobenzoic acid 3,4-Dichlorobenzoic acid 3,5-Dimethylbenzoie acid 
25) x 10 0.2 0). O69S Ss. 14X10 2. 51310 0.5 0. 1479 3. 17 10 2. 527K 10-5 0.5 0. 3688 1.0110 
1 250) 2468 10. 4* 5. 025 0602 3.11 2. 527 1.0 6502 1.12 
|) 10965 6. 90 5. 025 1.0 2159 3.04 5. 069 1.0 Sti 1.04 
251 10 H345 & SN 10. 151 1.0 0662 3.09 7. 5R2 1.0 4960 1.09 
03 1.0 WH47 i. Ie 12. 674 1.0 0506 2.90 5. O55 20 8590 1. 21 
74 1.0 oS) 6. 03 12. 674 2.0 1792 2. 96 10. 137 2.0 7350 1.10 
ol 10 1558 6.88 15. 226 2.0 1213 3.00 15. 206 2.0 6304 1.03 
Ol 1.0 L581 H. 65 20. 302 2.0 0738 2. 93 2. 115 2.0 5714 0. 99 
»” 1.0 0613 6. 52 0). 278 3.0 1700 2.89 15. 164 3.0 8134 1.05 
030 0 O35 i. 49 25. 126 3.0 1095 2. 34 20. 115 3.0 7392 1.01 
24 2.0 724 6.7 
, 140 2.0 2124 6. 04 Average > OU 10 Average 1. 06 10 
aL 20 a ‘ {s 
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10. O10 3.0 . 9070 8. 36 15. 566 3.0 0318 1.60 
» Ree If (). 25 0. 029 6. 3610 15.015 3.0 8336 8. 68 17. 771 3.0 0084 1. 64 
> ARQ F 1084 6. 42 20). 020 3.0 7680 8. 28 22. 520 3.0 0031 1. 67 
121 0332 6. 2S 
2 559 ( 153 7.4 Average 8. 36 10" Average 1. 69 10# 
5 118 0 1527 6. 44 
, ] th * th uu 
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, = ; 2. 00x 10 0 0). 3316 1. 9610 2. 52810 0.5 0). 3688 1.0110 
, 6. 28X10 2. HOY 1.0 6214 1.83 2. 528 1.0 6632 0. 90 
5. O49 1.0 5130 1.75 5. 060 1.0 564 1.05 
10. 037 1.0 S606 1. 87 10. 113 1.0 4524 1.02 
‘-Dicl ' i 5. 049 2.0 8474 1. 68 5. 060 2.0 8612 1.14 
10. O97 2.0 6802 1. 75 10. 119 2.0 7474 0.99 
15. O05) 2.0 5530) 1.77 15. 170 2.0 (412 1.03 
2. 07 XI 0 0. 1404 3. HO XT 20.075 2.0 1584 1. 82 10. 113 3.0 WO44 0. 87 
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Te Lo AV28 4. H2 15. 146 20 7660 1. 64 20. 239 3.0 7372 1.01 
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4 0 S52 5. ot \ verage 1. 75x Average 1.01X10 
 O1S 20 2827 $50 
2. 534 2.1 Leite $. 62 
4.92 2.4 1091 3. 63 
%). (3 »«) 0639 +. 4 , Stoichiometric concentration of the aromatic carboxylic acid All concentrations are expressed in moles 
1, OOK 0 si 41 per liter of solution 
O45 +0 0939 +4 C» (stoichiometric concentration of diphenylguanidine) =n.Ce’ (where Ce’ is the stoichiometric concentra- 
tion of bromophthalein magenta E Cc’ is 5X10 5M in all experiments except where otherwise indicated. 
" , 5g 108 * Z (absorbance log T (transmittance In this paper the usual symbol (A) for absorbance is replaced 
by the symbol Z to avoid confusion with the use of A in referring to acids. The values given for Z are for the 
wavelength 540 my, per 5-mm cell length. Four decimal places were retained to avoid computational errors 
2 .f- Dict I i 1K’ is the equilibrium constant for the reaction: B (diphenylguanidine)+A” (aromatic carboxylic 
iwid)< S” (diphenylguanidinium salt of the aromatic carboxylic acid) in benzene at 25° C. See section 3.2 
; for the mathematical expression used and the assumptions made in computing K’’. Values marked with 
oa =" a 2. 18X10 in asterisk were omitted in averaging. Note that the values of A” given in this column were computed on 
_ / 4307 . nae the assumption that the arom itie carboxylic wid (A"’) was entirely in the monomeric form. See section 4.1 
- , , for discussion and for “‘corrected’’ A’ values for some of the acids 
5 Lo 0952-212 C’=10 9 M 
74 Lo U0 2 27 Ce’ =2 510 vi 
O31 ' 2.19 c' 104M 
4 20 y224 > 
2X. 74 2.0 0 2.31 
M4 ti ‘ 1.04 
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4. Discussion of Results 
4.1. General Discussion of the Method 


It is readily apparent that the relative strengths of 
different acids in a solvent as inert as benzene cannot 
be measured without the addition of a reference base. 
The choice of diphenylguanidine as the reference 
base was made after tests of numerous basic indicator 
in the form of the free base) showed that none 
possessed adequate solubility, stability, and reactiv- 
tv." In using diphenylguanidine, an indicator 
acid must be present. The acid selected was bromo- 
plithalein magenta E tetrabromophenolphthalein 


dves 


Hi4s45 »S t 


ethyl ester), whose association in benzene solution 
with diphenylguanidine and with di-o-tolylguanidine 
has been studied in detail in this laboratory [1(a) 
(e), (f)|. The feasibility of assessing at least semi- 
quantitatively the relative strengths of a large variety 
of organic acids in benzene, including acids as weak 
as acetic and benzoic acids, by measuring the ab- 


6 To be suitable for our purposes the base had to be fairly strong. This meant 
that it had to be sought among the strongest aliphatic amines or among the avail- 
ible guanidines, amidines, or their vinylogs. The indicator bases tested included 
members of the azo, azine, oxazine, and thiazine families of dyes, as well as an- 
hydro-bases of the triphenylmethane group A large proportion of the dyes were 
found to be too easily affected by light or too susceptible to attack by atmospheric 
moisture, oxygen, or acidic vapors. Others were of adequate stability, but 
reacted measurably only with acids of pK about 3 or less, and even in such cases 
1 very large excess of the acid was usually required 
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sorbance of ve ry dilute solutions cont: Lining bromo- 
phthalein magenta E, the organic acid in question, 
and either diphenyl- or ditolylguanidine, all present 
at approximately the same stoichiometric concentra- 
tion, was shown in exploratory studies made about 
twelve years ago.” Diphenylguanidine was selected 
in preference to di-o-tolylguanidine chiefly because 
its reactivity as a base in benzene (which is less than 
that of di-o-tolylguanidine [1 (a), (e), (f)]) was thought 
to be more suitable for the experiments contemplated. 

The scheme adopted for this investigation has the 


disadvantage that any errors in the two constants 
Land K’ (see section 3.2) will be reflected in the 


values obtained for A’’, and still further study may 


result in slight modifications of these two values. 
However, this would cause little difference in the 
relative orders of strength 

The possibility of competitive associations must 
be kept in mind in planning and interpreting studies 
of acid-base equilibria in benzene as a solvent. Cryo- 
scopic measurements have provided evidence that 
the base diphenylguanidine is intermolecularly as- 
sociated to some extent, by hvdrogen bonding, when 
dissolved in naphthalene [12] or benzene [13], but at 


room temperature and the low concentrations used 
in this work any error from this source may be pre- 
sumed to be negligible. Intermolecular association 
of bromophthalein magenta E 
and is not to be expected [1] (a), p. 282 

On the other hand, the tendency for the molecules 
of carboxylic acids to associate in pairs, whether in 
the raseous, liquid, or solid States ol dissolved in a 
solvent like benzene, is a well-known manifestation 
of hydrogen bonding. At very high concentrations, 
still larger aggregates of molecules may exist. In 
dilute solutions, however, as shown by experimental 
studies mostly of benzene solutions reported within 
the last 15 vears, * there appears lo be an equilibrium 
between double and single molecules 

Information on the dimer — monomer equilibrium 
of benzoic acid and its derivatives is still very frag- 
mentary, as is evident from an inspection of table 3. 
This table is a compilation of the available equilib- 
rium constants kK, corresponding to the equation 


has not been obser ed, 


A, = 2.1), converted where necessary to the same 
units of concentration (moles per liter) as those used 
in the work presented in- this paper Additional 


Ky, values for 5.5°, 25°, and 30° C were computed in 
cases where kK, data for several temperatures were 
available, and included in table 3 at 2° € 
most of the & are in the range from about 
1.4«10°° to 7 LO o-Methoxybenzoic 
acid is a striking exception, showing only a slight 


are 
values 
about 3. 


tendency to become dimeric The Ay, value re- 
Such experiments were referred to in [1 , 

5A recent ¢ mm prehensive irticle on the iss if ! [ roox vin wid 
cludes a summary and discussion of such studies [14 

*It should be pointed out that the data for this acid were derived from d 
tribution measurements that the Ky value refers to water-saturated benzene 
solutions. In some case very probable that the d monomer equilib 
rium is affected by the pre sence of water However, in the case of o-methoxy 
benzoic acid the conclusion of a low dimer content is substantiated by infrared 
data, which indicate that a relatively strong intramolecular hydrogen bon 
stabilizes the monomeric form of this acid [15, 1¢ Intramolecular hydrogei 
bonding (that is, chelation) has also been suggested as explaining the compara 
tively high Ky value for o-fluorobenzoic acid (table 3, footnote j Che data of 
tab le 3 suggest that the other 0 h sloge n ited a“ ids m sy il , bn chelated t >a sub 
stantial degree in benzene A different explanation—steric hindrance—-was sug 
gested to account for the relatively large value of Ay for o-toluic acid in compari 
son with the Ky values for benzoic and m-toluic acid footnote g, table 3 
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ported for p-methoxybenzoic acid is about the sam 
as Ko for benzoic but the values that hay 
been reported for p-fluorobenzoic and p-toluic aeid 
indic ate an appreciably greater tendency to 4j 
merize 

The e xperimental work involved in this survey wa 
designed to vield comparative A’ values that wou), 
be reliable, at least as rough approximations, withoy 
taking the dimer-monomer equilibria of the ea; 
boxyvlie acids into account It was thought that thi 
objective could be achieved by keeping all of th 
concentrations low and using not greatly differin, 


acid, 


stoichiometric proportions of the three reaetin, 
components (see table 2) In one case that 9 
benzoie acid an additional detailed study of 


equilibria at 25° C was made in which stoichiometr 
concentrations of this acid ranging from one-half t, 
as much as twenty times that of bromophthaleiy 
magenta EK were used The data of this experimen 
were in calculating uncorrected values of K’ 
and also in correcting A’ values by taking apparen 
dimer contents of solutions into consideration, Thy 
steps following in making the calculations are show 
in detail in table In the last column of this tabk 
are given the corrected A’ values obtained wher 
Ky, was the value 1.9 10 This is th 
kK. value considered best fit the data after all o 
the values of A, 10°) ranging from 1.1 to 3.0 by 0 
increments had been tried and in each case the aver: 
age deviation from the mean value of A’ had beer 
computed. The value of K adopted is close to the 
values obtained by others from ebullioscopic, dis- 
tribution, and measurements (see table 
3)" The mean value of A’ given in table 4 exceeds 
by about 14 percent the mean value given in table 2 
but the difference would have been only 5 percent i 
three rather low values of A’’ had been excluded i 
computing the average value given in table 2 and 
the remaining values had been corrected as in table 4 

In anh analogous Manner the ty values of table 2 
were corrected ih the Cuses of o-chloro-. m-iodo-. ant 
p-methoxy benzoic acids and the three toluie acids 
using the A., values given in table 3. This treatment 
brought about. slightly precision of the 
results for o-toluie acid and m-iodo- and p-methoxy 


used 


assigned 


isoplestic 


increased 


benzoic acids, but slightly reduced precision for th 
other three cases.** Increases of from 2.5 to 6. 
pereent in the values of A’’ also resulted 

In the discussion so far it has been assumed tha 


the diphenviguanidine salts of bromophthalein ma 


genta E and the various carboxylic acids all have 
the composition BA. Studies reported earlie! 
I(a),(e)] justify this assumption with respect to the 


diphenylguanidine salt of bromophthalein magenti 


Ke However, the possibilits of additional strue 

Several investigators have pointed out that thers eel { he a rough corre 
lation between the tendency for carboxylic acids to exist in the monomeric stat 
in benzene and their tendency to lonize in aqueous solution Che correlation } 
very imperfect, and there appear to be two separate relations for carboxyli 
wids—one covering acids in which there may be resonance between R— an 

COOH (for instance, benzoic, cinnamik ind phenylpropiolic acids), and 

second relation < ering acids in which such resonance not possible (ft 
example, fatty acids 14 

According to A. A. Marvyott, the electric polarization method ! $ not 
understood, seems to give al us A ilts for benz wid able 3 
footnots 

The measure of precision referred to here was tl i tion from the 
meat tat ot A 
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TABLE 3 Dissociation constants (Kz 
\ I ( I n-t I 0-Oll 
{ 
4 
1 él 
k \ 2A i equal 2a’C', l—a All 
t War ba conver n having been made 
} K r kK rolal d, (benzene 
1004/78 1 unding a Ky value signify that 
t nter} polation rt Xp ental procedure 
A - 
I ter tl I il articles have been rounded 
B.C. Bart 1 ¢ A. K . A Chem, 8 73, 4561 (1951 Cry 
4 1E. F.¢ j Soc, 49, SY 3 Ebull col 
tures —in particular, the structure BA,-for the car- 
boxvlic acid salts of diphenylguanidine must be 


considered In fact, spectrophotometric evidence ol 
such a structure was obtained in five experiments 
using indicator bases mentioned above (see footnots 
mixed with different carboxvlic But 
these were all cases in which the stoichiometric con- 
centrations of acid had to be much greater than that 
from a few hundred to several 
thousand times as great) for measurable changes in 
spectral absorption to occur; and in experiments 
with a verv strong carboxylic acid in which only 
about five times as much acid as base was required, 
a salt of the structure BA appeared to be formed. 


acids 


lh 


of the indicator base 


n obta 


Evidence of a similar nature |} bree ned by others from conductances 

tior f amir wit box wids {17} and from cryoscopic measurements 
ne-carboxylic acid mixture 8S, in benzene, as well as from infrared meas 

, of triethy t i mixtures in carbon tetrachloride [19 In 

last-mentioned case tl ut oncluded, for example, that 0.1-M acetic 

1 half-neutralized with triethylamine contains mainly a stable salt of the 
ture BA» which, upon further iditions of triethvwlamine up to a concen 
1 about twice that of t! cetic acid, is gradually converted tothe salt BA 


of dimeric benzoic acids in benzene®* 
1m) AK 
fituen 
n-l eOCH p-OC Il o-Cll m-CH p-CHu 
o.o74 0. 648 0.873 «(0.445 4 (0,145 
13 ; st) 2.37 1. 37 1 (0.415 
iM $71 » Is } 2.99 e (1. 48 \4 0.53 
3 2.2 ) ko 44 ko Ow p * (0. 581 
e1Y 
4. 3S 
4:4 67 
4 $45 
6. 40 
144 ry 
4 11.58 
«0.27 «6.31 
1! 
s. 44 
12.44 
u 19 
Is.4 16 i4 v0 
kK. L. Wolf and G. Metzger, Ann, Chem, Liebigs 563, 157 (1949 (Cryoscopic 
wr ebulliosecopic 
M. Davies and D. M. L. Griffiths, J. Chem. Soc. 1955, 132. (Mostly dis- 
tribution 
I r. Walland F. W. Banes, J. Am. Chem. Soc. 67, 898 (1945 (Isopiestic 
M. M. Davis and M. Paabo. See section 4.1 of this paper. (Spectral absorp- 
on in the visible region 
H. A. Pohl, M. E. Hobbs, and P. M. Gross, J, Chem, Phys. 9, 408 (1941) 
Electric polarization 
{. A. Maryott, M. E. Hobbs, and P. M. Gross, J. Chem. Phys. 9, 415 (1941). 
Electric polarization 
kA. A. Maryott, M. E. Hobbs, and P. M. Gross, J. Am. Chem, Soc, 71, 1671 
1v4y Electric polarization 


From the data of tables 2 and 4 and the above 
discussion, it seems justifiable to infer that dimeriza- 
tion of the carboxylic acid is the only competitive 
reaction of importance in the dilute solutions dealt 
with in this paper and that neglecting this source of 
error (as will be done in the subsequent discussion) 
does not invalidate the general conclusions reached. 
Still further justification is provided by a statistical 
analysis of the data for six of the acids, made by 
W..J. Youden of the Bureau. For these acids (which 
were the o-amino, o-fluoro, o-methoxy, m-bromo, 
m-nitro, and p-cyano derivatives of benzoic acid), 
demonstrable connection between 


there was no 
individual values derived for K’’ and the concen- 
trations employed. 

In future work, however, it would be well to 


attempt to deduce Ay, as well as K’’, as illustrated 


in table 4, by working with somewhat larger con- 
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TABLE 4 Calculation of 


incorreclted and cor 
al 
’ ( 7 3 I vl L—7 
i 
0 2 xwO™x10 0. 3344 0. 4800 0. 1921 10 0. 8550 10 
5. 000 220 s486) 1367 1. 2074 
4 vua woo Ju, avo 1. S657 
24. URS TOMAS 1108 woaM70 1. w4u 
1.0 2 H162 1. 537 Hs 1. 8703 
LO Sooo MSI “o. 4740 ini) 2 AHS 
L.0 1. O00 we WO Jan) 4. 203 
2.0 1 OOo HH76 1 vil 744. 71 
2.0 15. G00 ‘421 1. 142 470 7. 33 
2.0 25.004 su52 Oo. O35 240 8. O57 
2.0 4) O73 3M) 21 Jaw. x 274 
2.0 HH) OLS »s4 {G58 1582 §. ANS 
2.0 Mw). OS. 254 $371 1322 8.741 
20 mm. 101 22H 1 2a 112 x AAA 
; 0 15.000 7447 2 , 1. 072 LL. 33 
0 2. 000 mo 1. uN 0). 1. S42 
$0 1). 097 4105 0. 701 27 12. YY 
; 0 MM) OSS wu 48 217¢ 13. 214 
to Mm. 101 {20 1334 Is! 13. 41 
to mw) 144 2088 $505 140 13. H7e 
a1 lo). 16S 2311 JU4) ; a 
A\ 

* Provisional values obtained by VM. M. Dav ind M. Paabo See the dis 
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centrations of the carboxvlic acids than those em- 
pioved in most of this investigation 


4.2. Comparative Strengths in Benzene and Water 


Experimental work of has shown 
clearly that the comparative reactivities of a series 
of acids in a nonionizing medium like benzene, as 
expressed by the equilibi rum constants for association 
with a suitable reference base, should parallel the 
customary indexes of acidic reactivity in’ water, 
namely, the sonic dissociation constants {1 This 
means, when tonic dissociation con- 
stants are expressed as pA (-log Aoaiccoc: values, 
there should be an inverse parallelism However. in 
water secondary phenomena (solvation, ionization 
accompany the fundamental acid-base reaction eq(1 
while in comparatively inert solvents like benzene 
various manifestations of hydrogen-bonding (for 

chelation prominent. For such 
occasional deviations from a linear relation- 
ship between the two sets of equilibrium coustants 
are to be expected 


recent) vears 


of course, that 


mstance, become 


reasons, 


a. Effects of Substituents on the Strength of Benzoic Acid 


In considering the deviations observed in_ this 
Investigation, It is necessary to have in mind current 


views as to how the nature and position of substit- 


uents account for the relative strengths of substi 
tuted benzoie acids. The following summary may 
Lack iat t 
' ‘ likely t I | 
rlier a pts to formulate qu 1-t t 
\rhose exper ments employed toict metr gn entratior buss ned 
han ny used ‘ ‘) . 
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be helpful to readers who are unfamiliar with recent 
developments in this area: * 

| A substituent influences the strength of u 
carboxylic acid RCOOH according to its electron 
attractive nature and its proximity to the —-COOH 
group. Replacement of hydrogen atoms in the R- 
radical by atoms or groups that are more electron 
attractive causes the electrons of the H—O linkage 
to be brought more under the control of the oxygen 
thus facilitating the removal of the carboxylic pro- 
ton. Some common substituents exhibit the follow- 
ing order of decreasing electron-attractive character 


NO. >F >Cl>Br>I>OH >C,H HCH, 


As the list indicates. most groups are more electron 
attractive than hydrogen, and thus their substitutior 
for hydrogen usually results in increased acidity 
but the methyl group is less electron-attractive an 
can be expected to reduce the acidity 

2) The electrical effect of the substituent is con 
sidered to be transmitted partly through space (0 
through the solvent 
cule. The directly transmitted influence is know! 
as the “field effeet’’, and the influence transmitte 


through the molecule by relay from atom to atom k 


commonly referred to as the “inductive effect 
Both effects operate in the same direction and fal 
off with increasing distance of the substituent fron 
the COOH group, the latter effect more rapidly 
than the former 
a single influence 


and partly through the mole 
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3) In addition to the above effects, resonance 
mesomeric ) effects are important in benzoic acid and 
abstituted benzoic acids. Several factors seem to 
be involved. mF ; 

In benzoic acid itself, resonance is believed to have 
an acidity -reducing effect. This can be attributed 
to a reduction in the stability of the benzoate ion, as 
gested in formulas Land Il. ‘That is, in resonance 
form II the carboxylate group is conjugated with 


the benzene ring. This increases the negative 
charge on the oxygens, thus making the ~-COOH 
proton less easily removed. : 

Resonance of the benzoate ion among forms like I 
and Il can be either reinforced or opposed by sub- 
stituting groups such as OH, OCHg, N Ha, 

NO,, and CN in the ortho and para positions. 
These are all groups that can become conjugated 
with the ring—the first three by releasing electrons 
and the last two by acquiring electrons, as exempli- 


fed in formulas III and IV, respectively. As the 
‘> ‘> ) 
HO ( H N ( pH 
) | ‘> o} 
111 1\ 
formulas indicate, °°. OH group in the para posi- 


tion reinforces, bu a NO, group opposes, the kind 
of acid-weakening resonance of the COO group 
with the ring which was illustrated in formula II. 
In III resonance opposes the acid-strengthening in- 
ductive and field effects of the substituent (—OH), 
but in LV it reinforces these effects. The OCH, 
and —-NH, groups resemble —-OH, while --CN 
resembles NO, in” resonance behavior. Sub- 
stituents do not become involved in such resonance 
when in the meta position, and their influence is then 
ascribed wholly (or almost wholly) to inductive and 
field effects. 

A bulky substituent located close to the —-COOH 
group, as In o-substituted benzoic acids, can prevent 
the nearly coplanar alinement of the phenyl and 
carboxyl groups thought to be essential for the kind 
of resonance indicated in formulas II to IV. This 
steric inhibition of resonance’? has been proposed 
a an explanation for such phenomena as the sub- 
stantial increase in the ionization of o-toluic acid 
pK=3.91) over that of benzoic acid (pA =4.20). 
Actually, as indicated above under 4.2.a(1), a -—CH, 
group would be expected to reduce the strength of 
benzoic acid when in the ortho position—just as it 
does when in the meta or para position, but to an 
even greater degree 

1) Finally, hydrogen bonding appears to affect 
the strengths of certain benzoic acids with ortho 
substituents, In some cases having an acid-strength- 
ening effect and in others, a weakening effect. Thus, 


n accounting for the relatively great strength of 


salicylic acid (pA =3.00), it has been suggested that 


the anion is stabilized by the formation of a chelate 
ring in which the phenolic hydrogen is bonded to a 
carborylate orygen {29}. The still greater strengths 
of y-resorcylic (2,6-dihydroxybenzoic) and p-orsel- 
linie acids can be explained along similar lines 
[30]. On the other hand a tendency for bonding 
between the carboxylic hydrogen and an ortho sub- 
stituent (see footnote 19) would reduce the tendency 
to ionize and react in other ways as an acid. 

In large measure the ideas just summarized were 
founded on the ionic behavior of the acids in water, 
although other observations, such as the effects of 
substituents on the rates of various organic reactions, 
were also taken into account. 


b. meta-Substituted Benzoic Acids 


In applying these views to the equilibrium studies 
dealt with here, one will naturally expect to find that 
the meta-substituted benzoic acids, in which electrical 
influences of substituents seem to be transmitted to 
the --COOH group with little if any complication by 
resonance, steric hindrance, and hydrogen bonding, 
are the acids showing the most constancy in the order 
of relative strengths in the two solvents, benzene and 
water. Actually, as shown in figure 1, the relative 


- H Ys 
3 S.M I 
4 ° OMe 
3 M2 Mes alias ; 
- YH 
NMe Benzo Acid 
Me 3-subst Benzoic Acids 
ee } 
Log K in Benzene 
FIGURE 1 Comparison of the strengths of 3-substituted benzoic 


acids in benzene and water, as measured by log K"’ and pK, 


respectively; f 2) ( . 


Open circles, experimental pK values plotted against log K”’’ values. Solid 
circles, pA values calculated using Hammett @ values plotted against log AK” 
values 


order of strength in the two solvents was found to be 
preserved very exactly for nine of the meta-substituted 
acids investigated.” Figure 1 was prepared by using 
the log A’’ and pK values for meta-substituted acids 
compiled in table 1. The equation for the line, which 
was computed by the least squares method using the 
log A’’ and pK values for the seven meta-substituted 
acids designated by asterisks, 1s 
pk 0.461 log A’’ + 6.623. (5) 
A similar explanation has been offered for the anomalously great ionization of 
o-toluic acid in water, but steric inhibition of resonance is now considered a more 


probable explanation 
* Note the open circles only. 
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Benzoic acid and bromophthalein magenta E may 
be added to this group of acids.” 

It seems reasonable to consider the line as a 
standard or ‘“‘norm”’ for the behavior of benzoic 
acids in comparisons employing log A’’ and p& as 
the measures of acidity. Points falling above this 
line then refer to acids that appear to be too strong 
in water or too weak in benzene to conform to stand- 
ard behavior, while the reverse is true for points 
located below the line. Four of the meta-substituted 
acids deviate significantly from standard behavior 
for two of them (m-OH and m-OCH the points 
are a little above the standard line, and for the other 
two (m-NH, and m-N(CH,).) the points are sub- 
stantially below the line 
again at the end of this section. 

A very similar figure would have been obtained by 
plotting the Hammett sigma values against log A’’. 
The o values, as is well known, are obtained from the 
relationship known as “Hammett’s equation”’: 


log k—log k 


These cases are referred Lo 


po 6 } 


Equation (6) was shown by Hammett to be appli- 
cable in a great many cases as an expression of the 
electrical effects of single meta or para substituents 
on rates as well as equilibrium constants of side-chain 
reactions of benzene derivatives [31,32]. Additional 
examples are continually being discovered. By 
definition, & is a reaction rate or equilibrium constant 
for a compound with a meta or para substituent, 
k is the corresponding constant for the parent 
(unsubstituted) compound, p is a reaction constant 
that is constant for all substituents in any given 
reaction series under fixed reaction conditions 
(temperature, medium), and o is a substituent con- 
stant determined only by the nature of the meta or 


para substituent. As the most convenient way of 
devising a numerical scale of o values, p for the 
ionization of benzoic acids in water at 25° C was 


I" 


arbitrarily assigned the value 1 [3 The o values 
(with a few exceptions) are then obtained by making 
the appropriate substitutions in eq (6 It is 
evident from that the substituents which 
most augment the acidity of benzoic acid have the 
most positive o values For other reaction series p 
can be obtained by plotting log & (customarily as 
the ordinate) against o [31]. The slope of the best 
straight line through the points is the value of p 
Applying this procedure to the reaction of diphenyl- 
guanidine with the “standard”? meta-substituted 
benzoic acids in benzene yields 2.17 as the value 


eq (f)) 


for p.”” 

In terms of electron theory, the quantity p 
measures the susceptibility of a given reaction to a 
change in electron density at the reaction site 


Positive and negative values of p indicate reactions 
facilitated by low and high electron density, re- 
spectively. As indicated above, the values of o for 


*® Bromophthalein ma,enta E is 
ment of its pK value, but a rough measurement ha 


too insoluble in water for an exact measure 
ndicated this to be, as 


expected, practically the same as the pK value for bromophenol blue (4.15 
Equation (5 equivalent to 
log K 2.17 pK+14.37 


? the negative coefficient of pK neq 


various substituents measure their capacities to’ 
cause changes in eleetron density at the reaction 
site [31,32]. 

Hammett did not derive the o values for m- and 
p-NH, from the aqueous ionization constants of the 
aminobenzoic acids, but rather from published data 
on the alkaline hvdroly sis of the ethyl benzoates in 
87.83 percent ethanol at 30° ([31 (d)], table ] 
Using the o value so obtained 0.161) and eq 6) 
to calculate the pk for m-aminobenzoic acid gives 
the value 4.36 The point located by plotting this 
pA value against our log A’’ value is indicated by g 
solid circle in figure 1. An alternative method of 
caleculating—substituting our log A’ value jy 
eq (5 gives the almost identical value 4.35. 

The o value for the group m-N (CHs)., derived from 
published data for the reaction of phenolate ions 
with propylene oxide in 98 percent ethanol at 704° 
is 0.211 [81 (d)], and the pA value calculated 
using this is 4.41. This pA value was used ag 
described in the preceding paragraph for locating q 
solid circle. Once more, the solid circle falls close 
to our standard line. The pk value calculated by 
substituting our log A’’ value in eq (5) is 4.37, ~ 

One can easily see why it is unsatisfactory to use 
aqueous ionization constants in assessing the effect 
of an amino or substituted amino group on the dis- 
sociation of the COOH proton. For one thing. 
the aminobenzoie acids have two ionization constants, 
and these constants are not very widely separated. 
Also, the inductive and field effects of the amino 
group and its resonance with the benzene ring are 
undoubtedly affected by coordination with water 
molecules. Furthermore, it has concluded 
on the basis of several types of physical evidence 
that m-aminobenzoic acid exists primarily 
zwitterion in water [34 

An attempt has been made to deduce the effect of 
the m-NH, group on the ionization of 
benzoic acid by employing the relationship [34 


been 


as the 


aqueous 


pRyp=pkh,+ pk,— ph, (8 


In eq (8) pA, and pk, are the experimentally ob- 


HN and 


experimental 


for the 
respect i\ ely 


tained values ionization of 
COOH, pK, is an 


value for the ionization of H,NC,H,COOCH, or 


HNC ,H,COOC,H 56 for the m-amino 
substituted ester), and the value of pA is considered 
to indicate the effect of an uncharged m-amino group 
on the ionic dissociation of the COOH group 
It is that COOH. and COOR have 


taken as 3 


assumed 


identical effects on the dissociation of H.N . 
Using the data of footnote 31 (a) to calculate pK» 
gives the value 4.26 This ts fairly close to the value 


The following value were obtained in recent attempts to evaluate the 
thermodynamic pA; and pk» value three aminobenzoie ac 1) For o 
m-, and p-aminob-nzoic acids, respective »K, values obtained by potentio 
metrie procedure 2.05, 3.07, and 2.38; the corresponding pA ilues are 49 
1.75, and 4.89 - le 1, footnote j b) For o- and p-aminobenzoic acids, the 

pective pA) valu »btained employt pectrophotometry are 2.14 and 2.2, 
ind the pk» values, 4.80 and 4.86 [33 


In contrast, the isomeric o and p-substituted acids are thought to exist largely 
though not exclusively, as uncharged molecules in water [34 


See 134 (a), ch. 4] for further discu m of this calculation 
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435) calculated from our eq (5) and log A’’ data. | 
The latter value is probably the more accurate index 
of the effect of m-NHb. on the ionization of benzoic 
acid. ‘ : ° 
Previously, in the study of reactions in ethanol- 
water mixtures of varying ethanol content, the sub- 
stituent constant o for m-OH has been observed to 
be very sensitive to the composition of the solvent. 
An average value, —0.002 [32], was substituted in 
Hammett’s equation in computing the pA value used 
to locate the solid circle in figure 1. A o value of 
about +0.05 for m-OH and m-OCH, (actually, 
L().04 and 0.06, respectively) is deduced with the 
yse of our eq (5) and log A’ values. Modification 
of the electrical influences of the two groups re- 
sulting from coordination with solvent molecules 
offers a reasonable explanation of the variation of 
s with solvent composition. As with m-NH, and 
m-N(CHg)s, One May presume the results obtained 
for benzene solutions to furnish a more reliable index 
of electrical effects of these substituent groups on the 

COOH group than those obtained for aqueous or 
alcoholic solutions. 

In short, it seems correct to conclude that among 
the meta-substituted benzoic acids departures from a 
linear relation of strengths in water and benzene 
will be rare, and that explanations for such de- 
partures should usually be sought in phenomena 
characteristic of aqueous systems. 

c. para-Substituted Benzoic Acids 

In analyzing the relative acidic behavior of para- 
and ortho-substituted benzoie acids in the solvents 
benzene and water it is immediately evident that 
most of the studied fail to conform to the 
‘norm’ defined in 4.2.b and indicated by the heavy 
line in figure 2. 

For the para-substituted acids the departures from 
the norm are in general rather small. However, 
it seems apparent that while the acids containing 

Cl, Br, or [ deviate only very slightly from 
the norm, the acids containing substituents com- 
monly regarded as being decidedly electron-releasing 

F, —OH, —-OCH;, —NH,) are relatively stronger 
in benzene than in water whereas the two acids with 
electron-attracting substituents (—CN, NO,) are 
relatively weaker in benzene than in water. Using 
data for the seven para-substituted acids marked with 
asterisks in table 1] gives the equation 


Ones 


(9) 


pk 0.557 log K’’+-7.218 


as an expression of the relation of the strengths 
of this group of acids in benzene and water. The 
straight line corresponding to this equation is in- 
dicated by the faint line intersecting the norm in 
figure 2. 


nization of m-hydroxybenzoic acid, for example, 
124 in water to —0.134 in 100-percent ethanol 
rhe three solid circles (for p-N H», p-OH, and p-CN) that are partly visibk 
figure 2 have the same significance as in figure 1. That is, they mark the points 
dtained on plotting against log K”’ the pK values calculated by using eq (6) with 
the Hammett # values given in table 7 of [32]. All three solid circles are slightly 
r to our norm than are the corresponding open circles 


' See p. 232-3 of [32 Im the 
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Figure 2. Comparison of the strengths of some 2-, 4-, and 
? 6-substituted benzoic acids in benzene and water, as measured 


by log K"’ and pK, respectively; t= 25° C. 


The solid circles apply to cases where pK values were calculated using Hammett 
@ values. In all other cases the values plotted were obtained experimentally. 


No attempt will be made here to account in detail 
for the deviations from linearity, but it is easily 
seen that bonding of water to a para —CN or —NO, 
group (see formula IV) might accentuate theacid- 
strengthening resonance of either group with the 
ring. Hydration of —F, —OH, —OCHs, or —NH, 
could reduce their acid-weakening resonance with 
the ring (compare formula III); however, the acid- 
strengthening field effect would also be reduced. 
As a matter of fact, several investigators have 
called attention to the existence of a solvent influence 
on the o values of para substituents like OH, 

N(CH,)o., —CN, and —NO, [32]. The electrical 
effect of p-CHs,, also, appears to vary somewhat 
with the medium [35]. For example, values of ¢ 
for p—CH, ranging from —0.17 (in water) to —0.08 
(in hexane) have been calculated from studies of 
reactions of p-toluidine [35]. It is worth noting 
that the pA value (4.28) calculated by substituting 

0.08 in eq (6) is practically the same as the pK 
value (4.30) calculated using eq (5) and the log 
K’’ value for p-toluic acid. 

It seems evident that the aqueous pA values of 
para-substituted benzoic acids are not infallible 
indexes of intrinsic acidic strengths or sources of 
universally valid ¢ values. In spite of experimental 
uncertainties in this work, the log A’’ values ob- 
tained with the benzene solutions are probably, on 
the whole, more accurate indexes of the relative 
intrinsic acidities than are the aqueous pK values. 


d. Mono-ortho and Di-ortho Substituted Benzoic Acids 


It is well known that the influence of substituents 
in close proximity to a reacting group, such as the 
COOH group of benzoic acid, is generally unpre- 
dictable. Reference to some of the recognized 
' anomalies in .the strengths of ortho-substituted 
| benzoic acids in water, and to some of the attempts 
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for the anomalies, was made earlier in 
(section 4.2.a.). An analysis of the 
the extent of the deviations of ortho- 
substituted acids from the norm, which has been 
found to describe the parallelism between the 
strengths of mefa-substituted acids in water and in 
benzene, should be helpful in accounting for part 
of the anomalies. 

On only a casual inspection of figure 2 it is evident 
that all of the points for ortho-substituted acids 
except one (that for o-aminobenzoic acid) are located 
above the line representing the norm. This means 
that the acids are either too strong in water or too 
weak in benzene (or both) for conformance. 

The points in question are rather 
Using the data for the six acids containing a single 
halogen, methyl, or nitro group in the ortho position 
the equation 


to account 
this paper 
nature and 


scattered. 


pk 0.70 log A’ + 7.26 (10) 


was calculated by the least squares method The 
corresponding line is indicated faintly in figure 2. 
This line is helpful in guiding the eve to the vicinity 
of most of the points for mono-ortho-substituted 
acids, but we believe it to represent no more than 
a crude approximation of a norm for this class of 
acids 

o-Methoxybenzoic acid is by far the weakest in 
benzene of all the acids studied. In fact, this acid is 
so much weaker than bromophthalein magenta E in 
benzene that the precision of the measurements was 
very poor (see table 2) and the log A’’ value reported 
is considered only a rough approximation. It can 
scarcely be doubted that the comparatively feeble 
tendency for this acid to combine with diphenyl- 
guanidine in benzene results from the stability of a 
chelate structure in which the —-COOH proton is 
attracted toward the oxygen of -—-OCH,. Infrared 
data have already been interpreted as indicating the 
existence of this structure in another inert solvent, 
carbon tetrachloride footnote 19). In water, 
hvdrogen bonding of the solvent to --OCH, would 
oppose formation of the chelate structure and would 
also undoubtedly modify the inductive and_ field 
effects of OCH, on COOH and alter its reso- 
nance with the benzene ring. Hydration could also 
increase the bulk of OCH, to such a degree as to 
cause steric inhibition of resonance of COOH with 
the ring. 

The point for salicylic (o-hydroxyvbenzoic) acid is 
so close to the norm as to suggest that in benzene the 
anion exists largely in the same chelated structure 
that accounts well for the relatively great acidity of 
the compound in water—a structure in which the 
phenolic hydrogen is bonded to a carboxylate oxvgen 
section 4.2.a (4)). Possibly the slightly reduced 
acidity in benzene indicates part of the molecules to 
be in a chelated form analogous to that which has 
suggested for o-methoxybenzoic acid The 
aqueous pA-value at 2 


(see 


(see 


been 
25° for aspirin (o-acet visalicylic 
acid) has not been measured with the same degree of 
care as that of many of the other benzoic acids. The 
value cited, if assumed to be substantially correct, 


suggests some tendency in inert solvents for Chelation! 


of the same type as that of o-methoxybenzoic acid 

The case of anthranilie (o-aminobenzoic ) acid seems 
too complex for analysis at this time of its differing 
acidic behavior in benzene and water. Gordy con. 
cluded from infrared data [36] that in carbon tetra. 
chloride solutions the amino hydrogen of methy| 
anthranilate—like the hydroxyl hydrogen of methy| 
salicvlate is bonded to the carbonyl oxVgen, The 
hypothesis of a chelated o-aminobenzoate ion. anal. 
ogous in structure to the generally accepted saliey|. 
ate ion structure, appears reasonable. A zZWitteri- 
onic structure seems less probable (see footnote 32 
Perhaps the unpublished studies of hydrogen bonding 
referred to in [37] will make the acidic behavior of 
anthranilic acid more comprehensible 

The acidic behavior observed for o-toluie acid in 
benzene is of exceptional interest. Hitherto, on the 
basis of aqueous pA values, ortho substitutions have 
been believed to increase the strength of benzoie 
acid without exce ption ‘ven though the methyl} 
group, being less electron-attractive than hydrogen 
$4.2. a(l would be expected to reduce 
the acidity of benzoic acid when in the 0-position as 
well as when in the m- and p-positions. Table 1 and 
figure 2 show that this expectation is fulfilled for 
benzene solutions. That is, a single o-CH, substit 
uent does not appear to cause steric inhibition of 
resonance of the —COOH with the aromatic ring 
when in benzene solution This that in 
aqueous solutions the clustering of water molecules 
about COOH “ leads to steric inhibition of reso- 
nance of the aromatic ring with —-COOH in the ease 
of o-toluic acid. If this supposition is correct, then 
hydration of —-COOH must contribute generally to 
steric inhibition of resonance in ortho-substituted 
benzoic acids when in aqueous solutions, resulting ir 
enhancement of their intrinsic acidities. 

It would not be justifiable to conclude merely from 
the preceding discussion that the behavior of o0-toluic 
acid in benzene is completely normal. However, a 
study of figure 3 indicates that this conclusion is 
warranted. In this figure, the aqueous pk values at 
25° reported in the literature for a number of phenols 
substituted by methyl or halogen in various positions 
of the ring (see table 5) have been plotted against 
the log A’’ values for the benzoie acids with the cor- 
responding substitutions.” There is good evidence: 
that the aqueous pA values for methyl-substituted 
phenols and also those of methyl -substituted pyridin 
ium cations provide valid evidence as to the electrical 
influence of the methyl group on the acidity of the 
parent substance, regardless of the position of substi- 
tution. Figure 3 reveals a close linear relationship 
of the strengths of the phenols in water and th 
strengths of the correspondingly substituted benzou 
acids in benzene not only in all cases of substitution 
in the m- or p-positions with halogen or methyl, but 
also in cases of substitution in the o-position with a 
single methyl group. An analogous linear relation 


(see section 


suggests 


he discussion starting on p. 428 of [38] is of interest in this connection 
’ The log A’ value (4.74) used for 2,4-dimethylbenzoie acid in figure 3 is from 
incomplete studies of M. M. Davis and M. Paaho 


For example, see the discussion in [27 
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ship of the aqueous pk values for pyridinium ions 
and the log K’’ values for benzoic acids can be 
demonstrated. . 

Within the experimental uncertainty of the pA 
and log K’’ values, the influence of two methyl groups 
in the 2,4- or 3,5-positions of phenol or of benzoic 
acid 1s additive, and this is also true for 2,6-dimethyl- 
phenol (see tables 1 and 5). On the other hand, it is 
clear from a study of figure 3 and also of tables 1 
and 6 that substitution of —-CHg, in both ortho £* 
positions of benzoic acid produces anomalously 
great acidities in both benzene and water. In the 
case of 2,6-dimethylbenzoic acid, for example, the 
log K’’ value for benzene solutions should be about 
462—that is, 5.26 minus 2(0.32)—if the polar o-Mefe 
influences of the two o-CH, groups were additive. 


Water 





Phenols 





' ; 2,4-Mef® 52,6-M 

Instead, the introduction of a second o-( H. re- e @2,6-Me, 
stores the log A’’ value (5.24) almost to that of ekdaieis 
benzoic acid. In water, as already noted, a single 0 ve ” ‘ y 
o-CH, substitution enhances the acidity of benzoic i . 
acid (by 0.29 pA unit). The total increment in Benzoic Acids in Benzene 2 
acidity (0.95 pk 1 ) produced by o 0-€ ; : $ 
at idity » : init) pl luced by tw H, Ficure 3. Comparison of the effects of different substitutions : 
substitutions - wena acid show g that the second on the acidity of phe nol in water (as measured by pK) and i 
o-CH,; has more than twice the acidity-augmenting the acidity of benzoic acid in benzene (as measured by log 

effect of the first o-CH, K’’)= t= 25° ( 


Jenkins, in considering the ionic dissociation con- 
stants for aqueous solutions of the isomeric halo- and 
nitrobenzoic acids, reached the conclusion 140] - that TABLE 5 lonic dissociation constants of phenols in water al 


the inductive effect of the substituent is the predomi- 2a” ( 
inant factor, and that anomalies in the ionizing be- 
havior of the ortho-substituted acids are nonexistent. Substituent pK Avg. pK 
However, this opinion has not been universally 
shared,’ and the conclusions reached in this paper None* > 10.00 © 9.98 4 9.95 £9.94 « 9.99 9.97 
. ; ° 2-Methyl* » 10.29 £ 10.28 10). 28 
about the anomalously great strength of o-toluic acid 3-Methyl* » 10.09 © 10.08 10. 08 
. : i ' cies 7 | Me ° 26 ¢ 25 f 10.18 ), 2: 
in water seem likely to apply to other cases of ortho- Methyl 10.26 © 10.25 © 10.19 10. 23 
substitution, at least to cases in which the substituent 2,4-Dimethy! ‘10.58 10. 8 
; , ‘ 49 ’ ° 2,6-Dimethyl £ 10.58 10, 58 
is comparable in bulk to ( H,. > Nevertheless, it 3,5-Dimethyl* © 10.17 © 10.18 10. 18 
cas 7 »4,6-" tt f 10.88 0 
seems probable that an additional factor-a pro- acetates — — 
nounced tendency toward internal hydrogen bonding a aa a 
‘ ° . : . . » romo* © 9.3 9.8 
when in benzene solution—is partly responsible for 2-Chloro 48.48 8. 48 
. P } . 7 . = 3-Cl * 9.08 4 9.02 9. 05 
the displacements from the norm of the points for ti see 9.42 4 9.38 9. 40 
the four o-halobenzoic acids, shown in figure 2 ‘4 2,4-Dichloro 47.85 7. 85 
see also footnote 19) 
Ficure 3 prov ides further indirect evidence on this » Asterisks indicate the acids whose pK and log K’”’ data were used in calculat 
“th » , . ng the equation for the line in figure 3 
point. In examining this figure no doubt the reader A. IL. Biggs, Trans. Faraday Soe. 5%, 35 (1956) 
‘ alense , Re . - _ ahs : P . F. G. Bordwell and G. D. Cooper, J. Am. Chem. Soc. 74, 1058 (1952 
has already noticed the displaced positions of the 1 C. M. Judson and M. Kilpatrick, J. Am. Chem. Soc. 71, 3110 (1949). 
points for acids substituted in the 2-position with * H. Kloosterziel and H. J. Backer, Rec. trav. chim. 72, 185 (1953). 
‘ rrN ° . fG. R. Sprengling and C. W. Lewis, J. Am. Chem. Soc. 73, 5709 (1953) 
Br or ( I. | he displacements indicate two pos- « G. W. Wheland, R. M. Brownell, and E. C. Mayo, J. Am, Chem, Soc. 70, 
sibilities either there is some factor causing exces- | 7 (%® 
sively great acidity of the o-halophenols in water, or 
there is a factor reducing the acidity of the o-halo- 
benzoic acids in benzene. There is no reason to TABLE 6. Calculated and observed increments in the strength of 
consider that o-halophenols are anomalously strong benzoic acid produced by 2, 6-disubstitutions * 
Other evidence bearing on th discussion was obtained by Norris and 
Strair 39], who compared the rates of reaction of different acids with di-p a Bs 
tolyldiazomethane in toluene at 25° C with the corresponding aqueous ionizatior ‘ 4 log KX” (benzene A pK (water 
nstants. They remarked that Cl, Br, and NOz: in the o-position of 2 Be can 
benzo id great! increase bott ‘ t t and ioni tion, hile CH ‘ stituents 
OCH - the parm A aan Meneame ian nant Remy Be — “ ore Ao ~~ ind Calculated Observed Calculated Observed 
See also the discussion in sections IV—-G and V of [24 (a 
For exampk 27, p. & . - - os 
Pauling gives the following tabulation of van der Waals radii (in A) for sub CH 0. 64 0. 02 TO 05 ro ow 
tuents of interest in this discussion: H, 1.2; F, 1.35; Cl, 1.80; Br, 1.95; I, 2.15 Cl +1. 64 +2. 08 +2. 52 +2. 38 
CH, 2.0 14) OCH 3.2 0. 34 +0, 22 +0. 76 
An important study of the OH-vibration frequencies of carboxylic acids and 
Phenols, including many m- and p-substituted benzoic acids, in dilute carbon 
tetrachloride solutions at 25° C deliberately excluded the compounds er pected to * Data all refer to 25° C, and were computed from the pK and log AK” data 
have internal H-bonds, such as o-substituted phenols and benzoic acids [42], but given in table 1 for: the corresponding mono-ortho-substituted acids Positive 
experimental evidence of hydrogen-bonding in o-halobenzoic acids was located and negative increments indicate, respectively, increases and decreases in acidic 
nh the literature strength 
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in water. Indeed, while Jenkins has concluded that 
ortho effects are absent [43], slightly reduced acidity 
resulting from persistence of the chelate structure 
[44] in water has been tentatively deduced from the 
comparative aqueous pA, values of substituted phe- 
nols and pyridines [45]. Knowledge as to whether 
the electrical influences of two o-halogen substitutions 
on the aqueous pA value of phenol are additive 
would be helpful in deciding this question, but the 
only pA values found in the literature for phenols 
substituted by halogen in the 2- and 6-positions are 
untrustworthy. Regardless of which view is correct, 
the displacement of the points in figure 3 suggests a 
marked tendency for intramolecular hydrogen bond- 
ing of the o-halobenzoic acids when in benzene. 

o-Nitrobenzoic acid is considered to exhibit only a 
slight tendency toward chelation, and this is not re- 
garded as surprising, because the chelate ring would 
be seven-membered [46]. 

Figure 2 discloses an exact inverse parallelism of 
the aqueous pk and the log A’ values for the only 
2 6-disubstituted acids of suitable strength that were 
available for inclusion in this study -namely, 2,6- 
dimethoxy-, 2,6-dimethyl-, 2,6-dichloro-, and 2,4,6- 
trimethylbenzoic acids.“ The closely linear relation 
of the two sets of values may be accidental, and it is 
clearly desirable to extend pA and log A’’ measure- 
ments to benzoic acids with other substitutions in 
the 2- and 6-positions. With two substitutions in 
the ortho position, steric inhibition of resonance ap- 
pears to result both in water and benzene, whatever 
the nature of the substituent. But, as table 6 shows, 
the observed acidities in the are in 
marked disagreement with predictions based on the 
assumption that substitution in both ortho positions 
will produce twice the effect of a single ortho substi- 
tution 


two solvents 


4.3. Comparative Strengths in Benzene and Other 
Nonaqueous Solvents 


Numerous investigators have studied the effects 
of different nonaqueous solvents (most commonly, 
lower alcohols or alcohol-water mixtures) on the rela- 
tive strengths of acids, employing a variety of experi- 
mental procedures——colorimetric, conductometric, ki- 
netic, and potentiometric. <A series of systematic 
studies by Kilpatrick and co-workers is of particular 
interest for comparison with the results presented in 
this paper. Some of their results were obtained 
colorimetrically, but in the most complete set of 
measurements the strengths of some 20 monosub- 
stituted benzoic acids relative to benzoic acid itself 
were compared by an emf method in 8 different sol- 
vents, 5 of which were anhydrous alcohols and the 
remaining 3, dioxane-water mixtures of varying di- 
electric constant [47 and 6]. The method adopted 
(compare [48]) employed concentration cells of the 
type: 


‘* The line connecting the points corresponds to the equat 


0.680 log K’’+6.814 1! 


pk 


The constants of this equation were calculated by the least-squares procedure, 


using all of the available data 


HB 0.005 M HX 0.005 M ‘ 
Au LiB___0.005 M LiCl LiX.. 0.005 M | Ay 
LiCl. 0.045 M 1.00 M LiCl. 0.045 M 


Quinhydrone Quinhyvdrone 


HB signifies benzoie acid and LiB, its lithium galt. 
HX signifies the substituted benzoic acid and LiX. 
its lithium salt. The presence of a high concentrs. 
tion of lithium chloride ensured negligible junction 
potentials. The equilibrium being measured can bp 
expressed “us 


A,t+ BS eA,4+ B; 1? 


Here, following Brénsted symbolism, A, and J. 
represent benzoic acid and the substituted benzoic 
acid, respectively, while Bo and B represent the 
corresponding anions “conjugate bases” Using 
the concentration cell described above, the equili- 
brium constant at 25° C— referred to as Ay», [47] 
can be obtained from the relationship: 

E(emf) 0.05915 log Ay 2» 13 
In cases in which tests were made, the values of 
Kap seemed to be independent of the ionic strength 
[47]. It is evident that log K 4,8, is equivalent in 
meaning to such other notations as log A, [49], log 
(Kye/Kyx), A log K, or —ApK. 

In table 7 the A log A values for some 20 0-, m- 
and p-substituted benzoic acids in water, in the eight 
nonaqueous solvents just referred to, and in benzene 
have been compiled. The values given in table 7 
were used in preparing figures 4 to 6, in which the 
increments —ApA (for aqueous solutions) or the 
increments log Kan, have been plotted against the 
increments A log A’’ obtained in this investigation 
for benzene solutions. 

The symbols used in figures 4 to 6 have the same 
significance in figure 2.% Also, just as in the 
preceding figures, each solid line indicates a “‘norm”— 
that is, a linear relationship of the strengths of meta- 
substituted benzoic acids in benzene and in the second 
medium, having the form 


aus 


ApK (or log K4_z m(A log K’’ b. (14) 
The constants m and 6 of eq (14) for the different 
media, computed by the least-squares method with 
the data indicated in table 7, are compiled in table 
8. The compilation includes the results for o- as 


well as for m-substituted acids 


a. meta-Substituted Acids 


Taking a “bird’s-eye view” of figures 4 to 6 and 
also referring to the values listed in table 8, it is 
quickly apparent that for the meta-substituted acids 
the slope increases sharply upon changing from water 


onie dissociation con- 
r, a reliable 


benzoic ack 


For our purposes Alog K values and absolute values of 
stants in the various media are equally good lo obtain the latt 
value of the dissociation constant of any of the series—say 


itself—is necessary (see the discussion in [47 
6 To avoid confusion, only points meriting special attention have been labeled 
rhe remaining points can be identified by the aid of table 7 


in figures 4 to 6 
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I ya BLE 7 Effect of t} olvent on the comparative stre ngths of benzoic acid and various of its monosubstituted derivatives at 25° C 
}AB : . 
[|] Au 
I 
A Log Kap, (u=0.05)' Alog K’’e 
m salt: Solventd 
d Lix. sn 
centr Dioxane-water, Wt © dioxane 
entra- \\ VeOH EtouH »-ProuH n-BuOH Ethylene Benzene 
anctic glycol 
lon 2 43.5 73.5 
can be 
‘ l 24.2 20 17.4 $7.4 10 l 2.28 
1? Ortho-substituted benzoi« id 
ind A. B 1. 27 1. l¢ 1. 1¢ 1.09 1. 20 1.13 1. 00 0. 88 0.91 
: ( t 1. 21 1.12 1. G9 1. O8 1.14 1. 08 0. 97 s4 S2 
DeNZoL } 1 OO 1.02 0. 06 0. 43 0. 69 Al 
OH 2 wv 1. 3 1. 57 1. 1. 50 1.49 1.60 1. 78 219 
nt the { 19 1 OR 110 104 110 1.00 (0). 87 0.75 0. 96 
Using OCH 17 0). 24 (). 2¢ (). 28 0.18 0. 06 10 07 1.6 
a -) CH ny aa 02 04 oo 0 04 OS 21 0. 32 
equili- NO 1. 83 1.77 1. 80 78 1.74 1.78 1. 66 1. 58 2. 18 
tas 
+7] P 
\Jet ibstituted t iid d 
| ir { 63 0. AS ( 4 0. 43 0. 47 0. 53 0. 80 ; 
13 ( ” fi3 él s 52 4 1s 53 sO . 
} j l ; 2 12 15 11 4) 414 Hs } 
OH » i] TP 1¢ lf 03 Ol oo 4 oy 
‘2 62 7 19 37 4) 4} 79 t 
lues ol CH ov ” 10 10) ov 12 4 14 13 
_ NO 10 1.17 1.1 1.10 43 xu “7 1. 06 1. 56 
r ngth CN 2 O83 0. 97 73 1. 30 
lent In 
ara-substituted ber 
9], log Pa ut tu t c acid 
B 2 0. 42 0.47 . 43 0). 42 0). 37 0. 38 0. 43 0. 60 
O-, M- ( ¥) ‘4 12 su $y 30 3S sy 56 
el | Is 2 21 22 17 0.15 22 5 $5 
p eight OH 354 53 57 57 45 12 17 53 32 
pnzene | 2 u j 15 Hi) $t} 38 38 59 
~~ ocH ,. 4H) ‘2 $t) t) $2 33 $2 36 34 
able 7 CH s 18 21 19 17 23 22 21 23 
, NO . 1.02 17 1.14 1.14 ut 7 1. 10 1. 18 1. 54 
ch the nh - 1 82 1.27 
r the 
st the » r ' r 
, equals \ph rh pKo, where Ko is the log A log K log Ko; this work, computed from data presented in 
. pk, as usua jyua gk / . ” I 
vation nization constant of benz wid and A the ionization constant of the mono table 1 As previously emphasized, here AK” and Ko are association constants 
ibstituted benzoi wid under consideration The data given in table 1 were i The dielectric constants of solvents, as stated in the original articles, are 
sed in computing ApA ss given in parentheses below the names 
‘ same Log Ku_z. is the same a g Kk log A, These values are from the work Indicates the acids the data for which were used in calculating equations 
in tl , f Kilpatrick and co-workers |47,f ind were obtained by an emf method Ihe pertaining to ortho-substituted acids (see table 8). 
. I treneth, wu, W t lu dded lithium chloride Ihe original results { Indicates the acids the data for which were used in calculating least-squares 
rm” - P heen rounded « fT to two decimal places equations for the solid lines shown in figures 4 to 6. See table 8 
’ meta- 
econd TABLE 8. Slopes and intercepts of equation (14)* an equation of the form 


, 4 a 
,1eta-Substituent ortho-Substituent AV eucosé, ge ( 15) 


(14) Solvent Dielect 


Slope | Intercept ype | Intercept expresses the increase in the work of ionic dissocia- 

Foren tion of an acid like benzoic acid upon the introduc- 
| with Wate 8 0.461 | 0 0.742 | 0.561 tion of a polar substituent having only an electro- 
table Stethom 676 0. 028 690 190 static effect on the ionizing group. In eq (15) e is 

oo < —H 42 a5 708 304 the charge on the ion; r is the distance from the 
Butano 17.4 715 O11 7065 355 substituent to the —-COOH group; ucosé@ is the 

Sthvlene given! 7 606 o19 670 436 component of the electric moment of the substituent 

lati 504 042 690 378 along r; and ¢ is the dielectric constant of the medium. 

Dioxane-water 40 654 059 600 = AW is negative or positive in sign according as the 

5 and onyeuatouens ¥ " 7 7 substituent facilitates or makes more difficult the 
it is Equation 14 is —apK (or log Ka,n,)=m(Alog K”)+b. See further dis) | removal of the proton. — The equation, as applied to 

acids in the text meta-substituted benzoic acids, predicts that chang- 


water 


ion con- 
reliable 
oie acid 


labeled 
le7 


ethanol and n-propanol. . : 
expected, for as others have pointed out [48,50],* 


to methanol as a solvent. Moreover, further 
increases in slope occur on shifting successively to 
Such results are to be 


‘ 


Also see (47,51 


ing the solvent to one of lower dielectric constant 
should cause an increase in the strength relative to 
benzoic acid when the substituent is one that pro- 
motes ionization (for example, —-Cl or —NQ,), but 
a decrease in strength relative to benzoic acid when 
a substituent such as —CH, is present in the ring. 
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See table 7 for dat ed lhe 
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With the exception of m-hydroxy benzoic acid, 


figures 4 to 6 show close linearity of the strengths 
the 


benzene and in 
The existence of 
solvent effects on the acidie behaviol of m-hydroxy 7 
benzoic acid was previously referred to (see footnote 
34 Such effects are also noticeable in table 7 and 
figures 4 to 6. Thus, while m-hydroxybenzoic acid 
Is stronger than benzoic acid in water, as well as in 
benzene, it appears to be decidedly weaker in all 
of the monohvdric alcohols On the other hand, the 
results for ethylene glycol or dioxane-water solutions 
indicate a strength differing very little from that of 
benzoic acid. <A difference in the manner of hy- 
drogen-bonding of the solvent to the substituent 


of meta-substituted acids in 


other solvents considered here 
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See t x dataused. Tt 


the differmg 
possibilities 


OH group is possibly a 
solvent 


factor in 
the acidity Such 
would include bonding of the two types 


effects on 


1) HOOC.C,H,-OH 
2) HOOC.C,H,-O 


OH, and 
HOH)H 


The former way, which seems likely to be favore 
because of the acidie character of a phenoli OH 
should Increase the negative charge on the phenolic 
oxvgen. Under such conditions, an enhancement 
of the acid-strengthening influence of m-OH could 
be expected With hydrogen-bonding of type (2 
however. a reduction of the acid-strengthening ID 
fluence of m-OH could be looked for. In dioxane- 
water mixtures, perhaps extensive hvdrogen-bond- 
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See t e7 r data used The I! ols have the same significance as in figures 


ing of dioxane with water [52] appreciably reduces 
solvation of the m-OH group. 


b. para-Substituted Acids 


Most of the para-substituted acids conform well 
to the norms indicated in figures 4 to 6. However, 
p-hydroxy benzoic acid is seen to be decidedly 
weaker in all of the and dioxane-water 
mixtures than in benzene. p-Methoxybenzoic acid 
shows the same weakening, but to a smaller degree. 
Hydrogen-bonding of solvent to the —OH or —-OCH, 
group (compare 4.2.b and 4.3.a) offers a reason- 
able explanation for the reduced strength. <A 
similar tendency for hydrogen-bonding to p-F seems 
indicated for water and all of the alcohols except 
n-butanol (figs. 4 and 5), although it is not evident 
for dioxane-water mixtures (fig. 6 


alcohols 


The points for p-nitrobenzoic acid suggest that its 
strength is anomalously great in water and in 
partly aqueous solvents, although not so in the 
alcohols. This conclusion, if correct, is under- 
standable, as the six-membered ring formed by 
bonding of both hydrogens of water to the oxygens 
of the —-NO, group should have greater stability 
than structures formed by hydrogen-bonding of 
alcohol molecules to the --NO, group. As mentioned 
above (section 4.2.c), the expected effect of solva- 
tion of the nitro group is enhancement of the acidity. 

c. ortho-Substituted Acids 

A glance at table 8 reveals that the slopes of eq 
(14), as calculated from data for ortho-substituted 
acids (see table 7), range from 0.69 to 0.71 except 
in one case—that in which water was the solvent 
being compared with benzene. The approximate 
constancy in slope contrasts sharply with the varia- 
tion in slopes (from 0.46 to 0.71), previously noted 
for meta-substituted acids. This variation was 
shown (4.2.b) to be consistent with the thesis that 
the influence of m-substituents on the acidity of 
benzoic acid is principally electrostatic in nature. 
The near constancy of slope for o-substituted acids, 
irrespective of the dielectric constant of the solvent, 
indicates that the influence of o-substituents on 

COOH is not solely an electrostatic effect. In- 
stead, we must conclude—as so many others have 
done in studying effects of ortho-substitutions on 
various benzene side-chain reactions—-that local 
effects such as steric hindrance and hydrogen-bond- 
ing are very important. 

Figures 4 and 5 show that deviations of o-sub- 
stituted acids from the norm are smaller in the case 
of alcohols than in the case of water. Furthermore, 
the general picture is much the same for all of the 
alcohols. However, increasing the dioxane content 
of dioxane-water mixtures (see fig. 6) has the effect 
of bringing the points for most of the o-substituted 
acids closer to the norm until in the dioxane-water 
solvent of lowest dielectric constant (15), the only 
major remaining deviation is in the case of o-methoxy- 
benzoic acid. The chelation of o-methoxybenzoic 
acid obviously does not persist in solvents which, 
like the alcohols or dioxane-water, can become 
hydrogen-bonded to the —-OCH, group. 

Previously, in comparing relative strengths in 
benzene and water (see 4.2.d and fig. 2), the small 
displacement from the norm of the point for salicylic 
acid was assumed to indicate a reduced strength in 
benzene, and it was suggested that in benzene part 
of the acid may have a chelated structure analogous 
to that of o-methoxybenzoic acid. However, the 
points for salicylic acid are not displaced from the 
norms in the plots for the four monohydric alcohols 


(figs. 4 and 5). Therefore, an alternative explana- 
tion hydrogen-bonding of solvent molecules to the 


0-OH group—should not be excluded in accounting 
for the departures from the norms observed for 
solutions in water, dioxane-water, and ethylene 
glycol. 
* This alternative explanation is in harmony with the suggestion (see p, 480 
i7(a that the deid-strengthening type of chelation becomes favored as the 


number of hydroxyl groups in the solvent available for solvation of 
which oecurs in alcohols as the dielectric constant decreases 


decreases 
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[t seems desirable to reemphasize what we con- 
sider an especially important result of this investi- 
gation: the discovery that o-toluic acid shows normal 
acidity in benzene, instead of the anomalously bigh 
acidity exhibited when in aqueous solutions (4.2.d). 
This must mean that steric inbibition of resonance 
when in water—which seems the most reasonable of 
the explanations that have been offered for the en- 
hanced acidity of this acid —results because solvent 
molecules become attached to the COOH group. 
From figures $f to 6 one would judge that solvation 
marked in water Evidently it 
falls off as increasing amounts of the water are re- 
placed by dioxane, as shown by the progressive ap- 
proach of the points for o-toluie acid to the lines 
representing norms. For the solvent that contained 
73.5 weight-percent of dioxane (e€=15) the point is 
very close to the norm.” In the aleohols the acidity 
of o-toluie acid appears to be much less enhanced by 
solvation of the COOH group 

To reiterate what said $.2.d), the 
findings about o-toluic acid make it seem probable 
that hydration of the COOH contributes rather 
generally to enhancement of the strengths of ortho- 
substituted benzoic acids when in water-containing 
solvents. the added bulk steric 
inhibition of resonance In alcoholic solutions, 
solvation probably produces some steric inbibition 
of resonance, with enhancement of 
acidity, but solvation by aleohols seems less prone 
to occur than solvation by water 

Our previous conclusion (4.2.d) that the reactivi- 
ties of o-halobenzoie acids inh benzene are reduced by 
internal hydrogen-bonding is further supported by 
the displacements to be noted in figures 4 to 6 
Earlier it was suggested [53] that chelation of o- 
halobenzoic ‘ occurs to an increasing extent 
with decreasing dielectric constant of the solvent 
from water to methanol, 
This would imply. still 
benzene However. a relationship of 
chelation to the hydrogen-bonding capacity of the 
solvent seems more probable than a relationship to 
the dielectric constant 
o-hbalobenzote acids 


is most solutions 


was above 


because promotes 


also, 


consequent 


acids 


as In passing successively 
then to ethanol 
chelation in 


vreater 


To sum up the discussion ol 


1) Internal hydrogen-bonding (chelation) appears 
to be an important factor in the In ap- 
parent acidity observed on changing from water to 
nonaqueous solvents such as those dealt with here 
This conclusion seems to apply to o-fluoro 
as to the other o-halobenzoic acids 


reduc tions 


as well 


(2) For at least some of the group (those having an 
o-substituent comparable in bulk to (‘H steric 
inhibition of resonance consequent to solvation of 


the —-COOH group may tend to augment the acidity 
in solvents of solvating 
particular 

As to o-nitrobenzoic acid, solvation of the —NO, 
group by the solvent when in water may be of im- 


cood powe! water in 





rhe marked reduction in the strength of o-toluic acid thet lioxane 
wivents of lowest dielectric constant w noted earlier |4 
However, no explanation could | tler 

Enhancement of acid t CH 
improbab] 

And o of } j cr 1 i 
/ kely } 4 


portance (compare 1.3.b), as well as the two factors ' 
suggested in accounting for solvent effects on o0-halo. 
benzoic acid. Here there seems to be somewhat Jes 
basis, however, for attributing an important role tg 
chelation. 

The literature on the acidic strengths of benzoic 
acids having the same group substituted in bog) 
ortho-positions is meager, even for aqueous solutions 
(compare footnotes o and q of table 1 In reviewing 
the work of other investigators we have noted only one 
case of such an acid —that of 2,4,6-trimethylbenzoie 
acid—in which the effect of a change of solvent (from 
water to n-butanol) on the acidity was measured [48]. 
Further studies of the should be valuable in 
judging how steric inhibition of resonance, and like. 
wise hydrogen-bonding, affect the strengths of 
benzoic acids 

This section may be concluded by citing a few 
important pioneering studies {[48, 49, 54] by authors 
who clearly recognized that changes of solvent may 
markedly alter relations in the strengths of acids, 
notably such acids as o-substituted benzoic acids, 
The and though 
fragmentary, were in general harmony 
which have been presented above. 


4.4. Correlations With Other Spectral Data 


a. Ultraviolet Data 


sort 


observations conclusions, more 


with those 


Of late vears there has been a marked growth of 
interest in the study of steric effects on the electronic 
Included in 
studies have been some attempts to correlate ultra. 


spectra of conjugated systems these 


violet absorption spectra of substituted benzoile 
acids with the nature and position of substituent 
groups In one such study, with dioxane as the 
solvent, it was concluded that steric inhibition of 


resonance Occurs In 2? 6-dichlorobenzoic acid, but not 


appreciably in 2.4-dichlorobenzoice aeid [55 Later, 
in a more comprehensive study, ultraviolet absorp- 
tion curves were obtained for benzoic acid itself 
and the derivatives o-, m-, and p-monosubstituted 
and » 6-disubstituted with (‘Hi , ('l, Br, 

OC'H,. or OH, all in 95-percent ethanol [56 
Still more recenthy data have been obtained for 
absolute ethanol solutions of the benzo1e acids sub- 
stituted im the O-, Mie, and pP-positlons with Ik 4 
and NO. [57 (a In most cases these acids were 


found to exhibit three absorption bands in the ultra- 
violet region, which have been designated as the A, B, 


and ('’ bands [56 Of these bands, the B-band 
located in the vicinity of 230 my) seems most 
sensitive to steric effects of substituents The 


(‘-band seems to be comparatively Insensitive to 
small steric effects, but sensitive to hvdrogen-bond- 
ine |56, 57 

The ultraviolet absorption spectra of meta-substi- 
tuted acids show a ceneral resemblance to the 
spectrum of benzoic acid, but with slightly decreased 
absorption Intensity attributed to inductive effects. 
The B-band of para-substituted acids shows a con- 
siderable bathochromic shift from its position in 
benzoic acid, the extent of the shift paralleling 
approximately the mesomeric (resonance) effect of 
the substituent, and the intensity of the B-band 
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also shows marked enhancement; here, the inductive 
effect seems to be of secondary importance [56, 57].”° 
In the most recent analyses of the effects of steric 


hindrance on B-bands the following assumptions 


have been made [57]: 

(1) o-Disubstituted derivatives (when in neutral 
solutions) would have approximately the same 
absorption as that of their p-isomers were it not for 
steric interference with resonance. 

(2) Three types of steric effects can distin- 
ouished— (a) Reduced intensity of absorption, pro- 
duced when steric interference is slight; (b) a shift 
in the wavelength of absorption, accompanied by 
reduced intensity, caused by a somewhat greater 
degree of steric interference; (¢) more or less com- 
plete disappearance of the B-band,” when. steric 
effects are large. 

In line with these assumptions, the benzoic acids 
with a single ortho-substituent generally exhibit steric 
interference of type (b), whereas the effect of di- 
ortho-substitution is of type (ce) [55 to 57]. For 
details the reader is referred to the papers cited, 

However, One point merits special attention here: 
the puzzling spectral behavior of o0-toluic acid 
57 (a)|.o* o-Methylacetophenone, where the —-OH 
of o-toluic acid is replaced by — CHs, shows little 
evidence steric hindrance to resonance, and it 
therefore seemed surprising that the alcoholic 
absorption spectrum of 0-toluic acid, when compared 
with that of p-toluic acid, exhibits a pronounced 
hypsochromic shift of the B-band together with 
marked reduction in the intensity of absorption. 
To account for this discrepancy the usual explanation 
of the steric effect due to an o-substituent bad to be 
modified |57 (a)} Now the evidence obtained in 
this investigation (4.3.c) that steric inhibition of 
resonance in o-toluic acid is evident only when the 
water, alcohols) is one which would tend to 
solvate the —-CCOH group appears applicable to the 
problem of interpreting the ultraviolet absorption 
spectrum of o0-toluic acid when in alcoholic solution 
It seems likely that solvent effects on ultraviolet 
absorption which Cy ident even for benzoic acid 
59} will prove to be still more noticeable for o-toluic 
and other o-substituted and that further 
progress in the correlation of ultraviolet spectra and 
steric interferences can be accelerated by accumula- 
tion of data for solutions in hydrocarbon solvents 


be 


of 


solvent 


ure 


acids, 


b. Infrared Data 


Goulden measured OH-vibration frequencies of 
67 carboxylic acids and phenols in dilute carbon 
tetrachloride solutions at 25 (’, to determine whether 
the frequencies could be correlated with the aqueous 
pk values [42] Four correlations 
of OH-frequencies with pu values were discovered 
one for the phenols and three for carboxylic acids. 


see footnote 43). 


Che spectra of ind nit ind iodobenzoic acids are irregular, showing 
minating effects of the N Oo and —I groups [57(a 
Che absorption bands characteristic of separate chromophorie groups in a 
molecule disappear when the chromophores become conjugated, being re placed by 
4 conjugation’’ band [58], here referred to as the B-band, When the B-band 
ippears because of steric inl on of resonance the separate bands are 
ybserved 
* Also see p. SO7 of [St 
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Figure 7. Relationship of OH-vibration frequencies of m- and 
p-substituted benzoic acids when dissolved in carbon tetra- 
chloride and the log K"’ values for combination with diphenyl- 
guanidine tn benzene. t=—25° C. 

The carboxylic acids were divided into the following 

types: (1) Those containing —C=C—COOH. This 

included unsaturated aliphatic, naphthoic, cinnamic, 

and substituted benzoic acids. (2) The R,C 

COOH type, where R=alkyl, halogen, phenoxy, or 

methoxy. (3) The type —C=C—CH,—COOH. 

Nine of the benzoic acids (all m- or p-substituted) 
included in Goulden’s study were the same as ones 
included in this study. Figure 7 shows the correla- 
tion of the OH-vibration frequencies © with the log 
K’’ values obtained in this work. The degree of 
linearity is excellent considering the experimental 
uncertainties in both sets of measurements. 

Although measurement of the OH-vibration fre- 
quencies of o-substituted benzoic acids in carbon 
tetrachloride was not undertaken, because a good 
correlation with the aqueous pA values was not t 
be expected, it is to be hoped that such infrared 
data will become available. They should be valuable 
in accounting for solvent effects on the acidic behavior 
of o-substituted benzoic acids. 

Thompson and Steel [60] computed the logarithms 
of the intensities of the fundamental vibration bands 
of the —CN group in various m- and p-substituted 
benzonitriles, and found good linearity of the values 
with the Hammett o values. They suggested that 
it may be “legitimate” to read off from their plots 
the o values corresponding to the band intensities 
observed for five ortho-substituted benzonitriles. 
In a similar way the A log A’’ values and the value 
for p (2.17) (see footnote 30), obtained in this inves- 
tigation can be used to deduce o values for ortho 
substituents. Table 9 compares the five values 
deduced by Thompson and Steel with the corre- 
sponding values derived from data given in this 
paper. Both methods of estimating ¢ give almost 
the same results for o-CHs, 0-Cl, and o-NO,. Good 
rreement in the two sets of values for o-NH, and 


216 
uy 


+2em~ 


These were thought to be accurate to +1 em! for most acids, and 


for the more difficultly soluble ones [42} 
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TABLE 9. Hammett siqma values deduced for ortho substituents 


ortho o Value o Value 
substituent ref. 60 this work 
NH 0.3 oO] 
OH 2 1.01 
CH l 0. 15 
Cl { $s 
NO 5 1 O00 


0-OH is not to be expected in view of the evidence of 


hvdrogen bonding with the COOH group in 
anthranilic and salicevlic acids. However, on the 
assumption that the influence of —NH, or —OH is 


largely governed by resonance and is about the same 
in the ortho and para positions [61], one may esti- 
mate o values for o-NH, and o-OH from the log 
AK’ values for p-amino- and p-hydroxvbenzoic acids. 
These values (respectively, —0.37 and —0.15) are 
strikingly similar to the values deduced by Thompson 
and Steel 


4.5. Summary and Concluding Remarks 


Hitherto no method has existed for measuring the 
relative strengths in benzene of acids comparable in 
strength to benzoic acid. This paper has described 
a spectrophotometric method, using 1,3-diphenyl- 
guanidine and bromophthalein magenta E as special 
reagents, for securing such information. The results, 
which were obtained at 25° C, are expressed as 
equilibrium constants for association with diphenyl- 
guanidine. The acids for which measurements were 


made were benzoic acid itself, 31 of its monosub- 


stituted derivatives (including all of the acids 
substituted in the 0, m-, or p- positions with NH,, 
Br, C'l, I, OH, a OCH... C'H,, or 


NO.) and eight di- or tri-substituted benzoic acids 


(including acids with Cl, —OCH,, or —CH, in 
both ortho-positions ) 
The relative strengths of the benzoic acids in 


benzene have been compared with previously pub- 
lished data (obtained by electrochemical methods 
on the relative strengths in water, methanol, ethanol, 
n-propanol, n-butanol, ethylene glycol, and three 
dioxane-water mixtures. In the case of the meta- 
substituted acids, except for m-hydroxybenzoic acid, 
an exact order of relative strengths is preserved in 
all of the solvents mentioned, supporting previous 
evidence that the electrostatic effect of the sub- 
stituent is the dominating influence on the acidity. 
Irregularities in the behavior of m-hydroxybenzoic 
acid are attributed to hydrogen-bonding with solvent 
molecules For para-substituted acids, also, a con- 
stant relation of strengths is generally preserved in 
the solvents in question, but here there is evidence 
that solvation of the substituent sometimes increases 
and sometimes decreases its influence on the acidity 
The relative acidities measured in benzene for these 
two groups of acids are thought to reflect the intrinsic 


acidities more accurately than the acidities measured | 
in the other solvents mentioned. 

Previous investigators have recognized that g 
group of acids that includes ortho-substituted bengoje 
acids is likely to show inversions in the order of 
strengths when the solvent is changed—even when 
the change is to a solvent of closely similar type (as 
for example, in changing from water to a lower aleo. 
hol). Comparisons made in this paper of relative 
strengths in the various solvents have led to severg] 
conclusions, prominent among which are the fol. 
lowing: 

(1) Hydration of the —COOH group appears to 
enhance the acidic behavior of ortho-substituted 
acids in water. Thus, 0-toluic acid, which is reeog. 
nized as being anomalously strong in water, shows 
normal acidic behavior in benzene. This conelusion 
has a bearing on attempts to relate apparent acidities 
with structure or with spectral absorption in the 
ultraviolet region. 

(2) Internal hydrogen-bonding (chelation) mark- 
edly depresses the reactivity of o-methoxy benzoic 
acid as an acid when in benzene. The chelated strue- 
ture has little or no tendency to persist in solvents 
with hvdrogen-bonding capacity. 

(3) o-Halobenzoic acids appear relatively weaker 
in benzene than in the other solvents, although the 
effect is much marked than with o-methoxy- 
benzoic acid. This weakening is probably partly 
caused by a tendency toward chelation in benzene 
Infrared evidence on this question is needed. An 
enhancement of acidity in water by hydration of the 

COOH group also appears probable. 

4) Astill smaller tendency toward chelation seems 
evident for o-nitrobenzoic acid. There also appears 
to be enhancement of the acidity in aqueous solvents, 
Here, hvdration of the —-NO, group seems a probable 
factor. 

(5) The effect of a second ortho-substitution on the 
acidity, as indicated by the available data—which 
exist only for a few acids, in the solvents water and 
benzene—is far from additive. Further study of 
such acids is needed for improved understanding of 
steric effects on acidity (as well as on spectral ab- 
sorption ) 

It seems desirable to underline the conclusion that 
the acidities measured in water do not provide a com- 
pletely accurate scale of relative intrinsic strengths 
The proton, to be sure, is very minute in size, but 
one should bear in mind that it does not exist mm 
solutions as an independent entitv. Water, because 
of its great hydrogen-bonding capacity, can not only 
solvate the proton (with four water molecules pet 
proton, according to the most recent estimate) but 
Call substituents in the benzoie acid 
molecule, as well as the --COOH group, with conse- 
quent modifications of electrostatic, resonance, and 
steric effects The most complete understanding of 
the relation of structure and acidity can be gained by 
systematic measurements in solvents of varied types 

Another point to be noted is that information on 
interactions of coloiless acids and bases can be ob- 
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tained spectrophotometrically by measurements in 
the visible region, as well as by measurements in the 
infrared or ultraviolet. The possibility of measure- 
ments in the visible region greatly extends the range 
of solvents that can be used. An indicator dye of 
suitable characteristics is needed, of course, and a 
“ujtable reference must be available. 
Further studies in all of the spectral regions are very 


base also 
desirable. 

No reader should be left with the impression that 
henzoic acids are exceptional in showing inversions 
in the order of strength on changes of solvent. There 
is much additional evidence in the literature of 
solvent effects on relative acidities. Kor example, 
the effect of changes of solvent may be different for 
groups such as cation acids (with some divisions into 
subgroups), phenols, aliphatic acids, and aromatic 
acids. One of the most comprehensive reviews on 
effects of solvents on the strengths of acids was 
published ina Russian periodical [62]. The existence 
of such varied solvent effects indicates that no exact, 
universally valid seale of relative strengths can be 
constructed. However, in various areas of limited 
scope acidity scales of practical usefulness should be 
obtainable. Studies of relative acidities in various 
solvent media should be helpful in defining such 
areas. 

Finally, the studies reported here, although they 
represent only the beginning of an effort to gain 
needed information about acid-base interactions in 
solvents like benzene, point to a few applications of 
immediate practical interest. Thus. the solvent 
effects on acidity which problems in the 
construction of practical acidity seales may be turned 
to advantage in effecting separations and in selecting 
conditions for obtaining more distinct end-points in 
titrations of mixtures. A possible application of the 
method described here is in getting a quick estimate 
of the acidity of an acid, especially of an acid almost 
soluble in water (see 3.2). Such measurements 
consume only a minute quantity of acid—usually 
less than a centigram. One more suggested applica- 
tion is in estimating the dimer-monomer equilibrium 
constants of carboxylic acids in benzene, as illus- 
trated in 4.1. Table 3 illustrates the serious need 
for such data 


create 
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monomer equilibrium of benzoic acid (see 4.1); to 
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ments of the dimer-monomer equilibria of carboxylic 
acids by the electric polarization method; and to 
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Shape of the Liquidus Surface as a Criterion of 
Stable Glass Formation 


Edgar H. Hamilton and Given W. Cleek 


Phe slope of the liquidus curve or surface at a point in a phase diagram representing a 
specific chemical composition has been found to be a reliable indication of the glass-forming 
tendency of that composition, The observed effect is interpreted in terms of the structure 
of the gia 


1. Introduction 


The structure of glass has been the subject of much 
discussion, but no theory has been propounded that 
will explain all the known facts about glass. Much of 
the present theory is based on the assumption of a 
continuous and completely random network 
developed by Zachariasen [1] and considered to be 
confirmed by Warren and his associates [2]. Sup- 
porters of the network theory associate discontinul- 
ties and anomalies in properties with the “‘silicon to 
oxygen ratio’, number of “‘single-bonded” oxvgen 
ions, polarizability of ions, deformability of the large 
()- ions and changes in coordination number, 
particularly of the boron ion While discontinuities 
in physical properties may be explained in terms of 
these concepts, some evidence has been presented 
indicating a structural arrangement 
than a random three-dimensional network. 

\ number of investigators, including Faick and 
Finn [3], Glaze, Young, and Finn [4], and Preston 
and Turner [5] have found evidence suggesting the 
existence of compounds In Nal siO0 glasses. Hug- 
gins [6] has presented his ‘“‘structon’’ theory and 
Tilton [7] his ‘‘vitron” theory, both based on data on 
silicate glasses 

In the present paper some observations on the 
stability of glasses as indicated by the shape of the 
liquidus surface or curve will be discussed. Through- 
out the paper, glass stability means resistance to 
ervstallization 

Grauer and Hamilton [8] have pointed out that in 
any study of glass stability one must take into ac- 
count (1) the liquidus temperature or maximum 
temperature at which equilibrium exists between the 
glass and the primary crystalline phase and (2) the 
rates of crystal growth at various temperatures. 
The rate of crystal growth at the liquidus tempera- 
zero, it reaches a maximum at some lower 
temperature, and then approaches zero as the tem- 
perature is further reduced. Because the melt must 
be cooled through these temperatures during fabri- 
cation and annealing, the rate of crystal growth is 
of practical as well as theoretical importance. 


as 


in glass other 


ture 1s 


2. Experimental Procedure 


In the course of the development of new optical 
glasses for various purposes, data have been collected 
on a large number of systematically arranged series 


Figures in bracket nd te tne terature references at the end of th 


s paper 


of glasses. Most of the series are in the following 
systems: BaO-B,O,-SiO, [9], BaO-BeO-B,O,-SiO, 
[10], Na,O-TiO,-SiO, [11], BaO-TiO,-SiO, [12], ZnO- 
B.O,-SiO, [11], BaO-La.O,-SiO, [11], BaO-Ta,Os- 
SiO, [11], and multicomponent glasses, including 
rare-earth oxide glasses based on the above systems. 
Data were also collected on a number of series of 
multicomponent glasses that had base compositions 
in the CaO-MgQO-Al,O,-SiO, system. The latter 
series of glasses contained from 0 to 12 mole percent 
of SiO,. The glasses were developed by the partial 
substitution of one oxide for another in a base com- 
position on a mole for mole basis, i. e. one La,O, for 
one BaQO. 

The change in liquidus temperature as a function 
of SiO, content when SiQ, is substituted for B,O,; in 
the BaO-B,O,-SiO, glasses is plotted in figure 1. 
The letters under each curve indicate the primary 
phase, which crystallizes at the liquidus. Similar 
curves for the change in liquidus temperature as a 
function of BaO content when BaO is substituted 
for TiO, in the BaO-TiO,-SiO, glasses are given in 
figure 2. The primary phases have not been iden- 
tified in this system, and consequently the curves as 
drawn may be subject to revision when the primary 
phases are known. 

The details of the procedure of melting and an- 
nealing the glasses have been published elsewhere 
(12). Briefly, the procedure follows: The 
glasses were made in 500- to 600-g melts in platinum 
crucibles. The melts were stirred with platinum— 
10-percent-rhodium propeller-t ype stirrers to obtain 
homogeneity. Compositions that could not be 
cooled as homogeneous glasses in blocks 3 by 3. by 
, to % in. in size are not here considered to be glass 
forming. The size of the block will affect the cool- 
ing rate of the glass in the interior, which in turn 
will affect the range of glass formation. Many com- 
positions that can be melted in small melts and then 
cooled in thin pieces as homogeneous glasses would 
consist of a mass of crystals and glass under the con- 
ditions for glass formation discussed above. 


Is AS 


3. Discussion 


Hamilton, Cleek, and Grauer [9] observed that for 
a given system, the composition ranges of most 
stable glass formation are found in the primary 
fields that have relatively flat liquidus surfaces. 
These authors suggest that the glasses may contain 
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units of the same compositions as the compounds in- ee ee Te ee ee 
dicated by the vertices of the composition triangles ve + all t 
of the phase diagram of the system. The relation 24 MOLE % B00 28 MOLE % Ba0 0 auth 
between relatively flat liquidus fields and = stable . class 
glasses has been observed for the 3BaQO-3B,0,-2Si0, acl | + has 
primary field in the BaO-B,O,-SiO, system [9], vlass 
BaO-TiO,-2Si0, in the BaO-TiO,-SiO, system {12}, mn | ae stru 
and ZnO-B.O, in the ZnO-B,O.-SiO, system {11}. 7 * “LIQUIDS 1 glass 
Similar observations have been made on the rare- : t Han 
earth—barium-crown [10] and Na,O-TiO,-SiO, glasses one : ae oe | arel 
(11| for which phase diagrams are not available. In| o . syst 
the development at the Bureau of new optical glasses, | “> righ! 
such as the rare-earth barium-crown glasses and bar- s 7 resp 
jum-titanium silicate infrared-transmitting glasses, | he « 
the liquidus curves have been very valuable guides. | 2% ooo cont 

Compounds which have flat liquidus fields possess | & vert 
a high degree of dissociation at the liquidus [13]. | 7 nece 
The flatter the liquidus field, the more highly dis- 900 4 join. 
sociated will be the primary phase. Then, if the tion 
other factors that affect the rate of crystallization part 
are equal, the less will be the tendency for crystal SOUCLE S00 44 UOLE % Sed mole 
formation during the cooling of the melt to glass, sal | a 7 js ol 
because it is necessary for the primary compound to OLN SOLIC sO; 
reassociate before crystals can form. Of course — oe f ‘ [ii port 
other factors, such as viscosity, polarizability, ete., A . a’. / 1) of tl 
would affect the rate at which the molecules reas- “é ’ ficul 
sociate and then orient themselves and = continue 900 a a ae ae a a a a a a the 
to associate to form crystals o © 6 8 0 4 OO 8 6 OF 32 0 8 HH io t 

Another factor that affects the stability of the monument lia. witl 
classes is the presence of, and also the amount of, FIGURE | Changes in liquidus temperature as a function | tog 
phases other than the primary phase in the melt SHU, conte . o} en it ay maO-5 . 1g = a expe 
In composition ranges where part of the liquidus sur- it ee ee ee 
face Is steep and two curves intersect to form 2 ther 
minimum, the most stable glasses are found near the |, Urimary, phases are indicated by the following symbols: A. BaO-B:0:; B, com 
minimum and on the side of the minimum with the | 2Ba0-4si0, and BaO-2si0 the 
lesser slope (see figs. 1 and 2 In the vicinity of Bal 
the minimum, the percentage of the primary phase it Is 
is approaching a minimum and the percentage of the SiO. 
other compounds present, a maximum. This does syst 
not mean that the percentage of the primary com- ee ose > ee 
pound is approaching zero, for after the minimum is 1500 x  6OMOLE % SiO, 50 MOLE % SiO, abil 
passed the amount of this compound will continue ’ 
to decrease, but it will no longer be the primary oe \ ae 
phase because on passing the minimum, a new pri- | o \ % 
mary field is entered. eed \ | . 

As the compositions change along a steep slope, rd =e 
the difficulties encountered in cooling the melts as . — : — é 
glasses increase until homogeneous glasses can be | = '°°° 55MOLE % SiO, | { 45MOLE% SiO, , ~~ 
obtained, if at all, only by drastic quenching of the | ¢ _— \ : | \ a Hy 
melt. The liquidus curves are also solubility curves | # \ eel % ° 
and indicate the change in solubility of the primary ane ail | \ 
phase in the melt with change in temperature. As a : 
the melt is cooled below the liquidus, it will become 200 | 
supersaturated with respect to the primary phase, 5 20 25 30 35 5 20 25 30 35 40 
an< crystallization can take place. The steeper the MOLE PERCENT, B00 
eurve and the higher the composition Is located on Picture 2 Change in quidus temperature as a = 
the curve, the greater the amount of supersaturation BaQ-content for some glasses in the BaO-TiOs-* iOo-syster 
and the greater the probability of ervstallization change in composition obtained by the substitution cf BaO 
The ease and greatly increased rates of crystallization or TiO, en a mole for mole ba 
of melts of compositions on steep curves over melts e a eRe Peeaney ae oe 


with compositions on flat curves or flat liquidus 
fields suggest the presence in the former of molten 
species of the same chemical COMpoOsilions as the 
crystals that form so rapidly Fiat 
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The foregoing observations apply equally well to 
all the glass systems that have been studied by the 
authors. Because of the unusual shape of part of the 
vlass-forming area in the BaO-TiO,-SiQ, system, it 
has heen chosen to illustrate the relation between 
glass formation and the chemical compositions of 
<tructural entities or units. The properties of the 
Jasses in this system were reported by Cleek and 
Hamilton [12], and the glass-forming compositions 
are indicated in figure 3. SiQ, is the only oxide in the 
eystem that can form a glass and therefore can be 
rightfully called a glass-former. If SiO, alone is 
responsible for glass formation in this system, it Is to 
he expected that the glass-forming area would be 
continuous along the BaO-TiO,-SiO, join to the SiO, 
vertex However, such is not the case. Hence it is 
necessary to explain why, along the BaO-TiO,-SiO, 
join, glasses are formed only in the narrow composi- 
tion range of 40 to 50 mole percent of SiO,, and in 
particular, why, as SiO, is increased slightly to 52.5 
mole percent or more, a mixture of glass and crystals 
is obtained. The phase diagram of the BaO-TiO,- 
SiO, system [14] suggests a simple explanation. The 
portion of the liquidus curve for the SiQ,-rich region 
of the system is extremely steep; therefore, it is dif- 
ficult to keep the primary phase, SiQ,, in solution as 
the melt is cooled. This phenomenon is not confined 
to the system under discussion. Na,O-SiOQ, melts 
with high SiO, contents become opaque when cooled 
to glasses in blocks of the dimensions specified under 
experimental procedure, and the crystallization con- 
tinves during the annealing of the glasses. Although 
there is no doubt that SiO, can form glass in a limited- 
composition region, it appears to lose this ability in 
the region between the glass-forming area of the 
BaQ-TiO,-SiO, system and the SiO, vertex. Hence 
it is necessary to look for a structural unit other than 
SiO, that is responsible for glass formation in that 
system. For a limited high-silica range, Dietzel and 
Wickert [15] attribute similar lowered glass-forming 
ability of SiO, to the severe loosening of the silica 
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network produced by small amounts of Na,O. In 
other composition ranges, richer in Na,O, they find 
a deinite correlation between the degree of glass- 
forming ability of compositions in the Na,O-SiO, 
system and the primary phases present at the 
liquidus. 

Of course, the BaO-TiO,-SiQ, system is not the 
only system with SiQ, as a component in which SiO, 
itself does not seem to be responsible for glass forma- 
tion. The most stable glasses on the high-AlLO, side 
of the CaO-MgO-AlL,O;-SiO, system contained 8 mole 
percent of SiQ,. Glasses have been made in the BaO- 
Ta/O;-SiO, system containing 42 mole percent of 
SiO,. In these glasses the Si/O ratio is less than 0.25, 
which is the conventional ratio for isolated silicon- 
oxygen tetrahedra, and a_ silicon-oxygen network 
would require an even higher ratio. 

Glass formation in the BaO-TiO,-SiO, system 
appears to be associated with the compound, 
BaO-TiO,-25i0,, which has a narrow primary field 
with a very flat liquidus surface. BaO-TiO,-2SiO, is 
the only compound that occurs in the glass-forming 
area, and this area extends from it in all directions 
except toward the SiO,-TiQ, side of the system. 

In the half of the system to the left of the 
BaO-TiO,-SiO, join, glass formation extends practi- 
cally to the compound compositions, 2BaO-3SiO, and 
BaO-2SiO,, which can be cooled as glasses when 
cast as thin plates. The compound composition, 
BaO-SiO,, cannot be cooled as a glass and glass 
formation ceases midway between this composition 
and BaO-TiQ,-2SiQ,. 

On the BaO-TiO,-SiO, join, the compound com- 
position, BaO-TiO,SiO,, is not glass forming. 
Glass formation extends slightly over halfway from 
BaO-TiO,-25i0, toward this compound. 

To the right of the BaO-TiO,-SiO, join there is 
only one series of glasses. This glass-forming area 
extends from the BaO-TiQ,-2SiO, composition half- 
way toward the compound, BaQO-3TiO,, which melts 
incongruently at 1,357° C. For the glasses in 
this series a change in composition of plus or minus 
2's mole percent of BaO produces a mixture of glass 
and erystals. Hence the glass-forming area in this 
region is extremely narrow, less than 5 mole percent 
wide, and approaches a straight line. Such an 
extremely narrow field may indicate that the glasses 
are composed of two chemical entities whose com- 
positions lie on the line or the extension of the line. 
If there were a third entity, the area should have 
appreciable width. The relative amounts of each 
entity in a glass would be a function of the com- 
position, 

The shape of the liquidus curve for the glasses 
containing 25 mole percent of BaO, figure 4, indicates 
that the composition of the second chemical entity is 


bevond the glass-forming region. It could be 
BaO.3TiO, or a three-component entity with a 


composition intermediate between BaO-3TiO, and 
BaO-TiO,-25i0, and containing less than 20 mole 
percent of SiO, Because glass formation extends 
over half the composition range between BaQ-TiO,,- 
28i0, and BaO.3TiO,, as it did between BaQ-TiO,.- 


2810, and the other two contiguous nonglass- 
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forming compounds, and, as the liquidus tempera- 
tures of all the glasses in the series are 50 to 140 deg 
C below the temperature at which BaO-3 TiO. 
melts incongruently, the chemical entity 
could have the same composition as the compound, 
BaO-3TiO,. Then the shape and size of the glass- 
forming area of the BaO-TiO,-SiO, svstem would 
be a function of the solubilities at glass-forming 
temperatures of the compounds — in 
BaO-TiO,-28i0 


second 


contiguous 


4. Summary 


Some of the criteria that have been adopted as 
vuides in the development of new classes are dis- 
cussed in the light of the phase diagrams. After 
comparing the shapes of the liquidus curves and 
surfaces with rates of crystallization, it is postulated 
1) that certain chemical entities or structures are 
in the glasses and, with the possible exception of 
single-component glasses, (2) that the presence of a 
compound with a high degree of dissociation in the 
glass-forming temperature range is essential to permit 
glass formation 

Thus, it 
are more 
chemical entities or structures 1n highly dissociated 


probable 
essentially 


seems that multicomponent 


glasses solutions of 


one or 
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chemical entities that have developed such high Vis- 
cosities as a result of cooling that thes Possess many 
of the properties normally associated with solids 
In the case of three-component glasses these chemieg 
entities probably have the same compositions as the 
compounds indicated by the vertices of the Com. 
position triangles and are present in the proportions 
indicated by the position of the glass COMPositioy 
in the composition trinnele 


5. References 


1] W. H. Zachariasen, The atomic arrangement in glass 
J (m ( hem Poc $4, 3841 1U32 

2) B. kk. Warren, Summary of work on atomie arrangem, 
ith glass, J Am (‘eram. Soc 24, 26 1O4] J Biss 
and B. Ek. Warren, X-ray diffraction study of soda. 
borie oxide glass, J Am (‘eram soc Bile 287 1438 

3| ¢ \. Faick and A. N. Finn, The index of refraction o 
some soda-lime-silica glasses as a function of 


composition, BS J. Research 6, 993 (1931 RP320 

1] F. W. Glaze, J. C. Young, and A. N. Finn, The densij 
of some soda-lime silica glasses as a funetion of ¢) 
composition, BS J. Research 9, 799 (1932) RP507. 


5 | Preston ut d \W ke =. T Irhner, AVE thods ot ce termining 
the constitution of glasses, J. Am. Ceram. Soe 17, of 
1034 Recent investigations into the questio! 
the presence of compounds Ith molten glass, J Sor 
Glass Technol. 20, 144 (1936 
6| M L. Huggins, Structure of amorphous materials. 
J. Phys. Chem. 58, 1141 (1954); Maurice L. Huggins 
The structure of glass, J Am. Ceram. Soe. 38, 172 
1055 
7) L. W. Tilton, Nonerystal ionie model for silica glass. 
J. Research NBS §9, 139 (1957) RP27S82 
8] ©. H. Grauer and Edgar H. Hamilton, An improved 


apparatus for the determination of liquidus tempera- 
tures and rates of erystal growth in glasses, J. Researe} 


NBS 44, 495 (1950) RP20O96 

9) Kdgar H. Hamilton, G. W. Cleek, and O. H. Grauer 
Some properties of glasses in the BaQ-B,O,-Si0,- 
system, J. Am. Ceram. Soe. 41, 200 (1958 

10] Edgar H. Hamilton, Osear H. Grauer, Zeno Zabawksy 
and C. H. Hahner, Changes in the indices of refractior 
and liquidus of a barium crown glass produced by the 
partial substitution of some oxides, J. Research NBS 
40, 361 (1948) RPISSI 


11] Unpublished data 


12] Given W. Cleek and Edgar H. Hamilton, Properties 
of barium titanium silicate glasses, J. Research NBS 
§7, 317 (1956) RP2720 

3} John | Rieci, The phase rule and heterogeneous equ 
librium, p. 123 (D. Van Nostrand Co., Ine., New 
York, N \ 1LO51 

14] D. EK. Rase and Rustum Roy, Phase equilibria in the 
svstem-BaTiO,-SiO,, J Am (Ceram Sor 38, 389 
LQ55 

5| A. Dietzel and H. Wickert, The degree of glass formation 
in the system Na.O-SiQ,, Glastech. Ber. 29, 1 (1956 


WASHINGTON. November 19, 1957. 


igh Vis- 
S Many 

Solids 
hemical 
S as th 
© COM- 
OTLIONS 
POSI tio} 


ngeme 
J Bisc 
of soda- 
7 1438 
ACLION of 
1 of 
P320 
densit 
n of the 
P507. 
Crmining 
c 17, eA 
Sto! 


J. So 


laterials, 
Huggins 
38, 172 


‘a glass, 


nproved 
eTmnpera- 
Jeseare] 


( Wrauer 
4) -Si(),. 


ibawks) 
fractiol 
1 by the 
ch NBS 


Ope ries 
cl} NBS 


jul- 


New 


1 im 


38, 


the 
389 


rmation 
1056 


Research Paper 2873 


Twinned Epitaxy of Copper on Copper 
Theodore H. Orem 


udv of the 


\ st 


cry 


X-ray diffraction patterns of copper electrodeposited on copper mono- 
tals having surfaces parallel to the cubic, 
interesting relationship between electrodeposit and base crystal. 


dodecahedral, and octahedral planes shows an 
At the current density 


used for electrodeposition, the eleetrodeposit on the surface parallel to the dodecahedral 


pl ile 
spect The ele ctrodeposit on t he 


was a monocrystalline continuation of the orientation of the base crystal in every re- 
surface parallel to the octahedral plane was 
preferentially oriented polycrystalline electrodeposit made of microcrystals, 


a highly 
some of which 


continued the orientation of the base crystal, whereas others were twinned with respect to 


the surtace plane of the base In the 


to the ¢ 


erystal 


electrodeposit made up of microcrystals, 
rvstal 


crvstal 


Dase ¢ 


1. Introduction 


A considerable number of investigators working 

the field of electrodeposition have established that 
there exists a propensity for the crystallographic 
orientation of the electrodeposit the 
as that of the basis metal, if favorable conditions of 
electrodeposition are maintained [{1,2,3,4,5].! A dis- 
cussion based on these references is contained in 
Barrett’s “Structure of Metals” [6]. This continuity 
of orientation (epitaxy) has been shown to be possible 
even though the substrate and electrodeposit are two 
different metals, provided the atomic radii of the two 
metals do not vary from each other by more than a 
certain critical percentage [7,8,9]. Takahashi [10] 
found an orientation relationship when a face-cen- 
tered cubic metal, copper, was electrodeposited on 
beta brass. which Is bod, -centered cubie. 

[In the course of an investigation designed to study 
the fundamental manner in which metals corrode, 
several specimens of monocrystalline copper were 
plated with copper in an effort to determine the 
orientation of the facets of eteh pits that develop 
during the attack bv a certain corrodent, in the hope 
that the plated facets, continuing the original orien- 
tation, would be more readily distinguishable than 
the original. X-ray diffraction patterns of the elec- 
trodeposited specimens showed slight but distinet 
differences compared to the diffraction patterns of 
similarly oriented unplated copper single crystals 
The differences were considered significant enough 
to justifv further investigation. Some of the results 
are described herein 


to be same 


2. Materials and Procedures 


\ monocrystalline copper ingot, grown by the 
Bridgman method of slow cooling from the melt, was 
sectioned to produce specimens having surfaces ap- 
proximately parallel to the cubic, dodecahedral, and 
octahedral planes. The specimens were mounted in 
Lucite, ground and polished, and then electropolished 
to remove cold work imparted during the mechanical 


Figure n bracket te the terature references at the 


end of this paper 


SO 


case of eleetrodeposition on the surface parallel 
ibic plane, the electrodeposit was also a highly preferentially oriented polyerystalline 


of which continued the orientation of the 


whereas others bore a twin relationship to the close-packed planes of the base 


grinding and polishing operations. Laue back-reflec- 
tion diffraction patterns were obtained from each 
specimen, using unfiltered radiation from a cobalt 
target, in order to determine the degree in which the 
surface was parallel to the desired crystallographic 
plane. The specimens were then reground and re- 
polished, when necessary, until the surfaces were 
within one-half degree of being parallel to the cubic, 
dodecahedral, or octahedral planes. Electrodeposi- 
tion was carried out in an acid sulfate bath at a 
current density of approximately 30 ma/em?’. Elec- 
trolytic copper was used as the anode. Periods of 
plating ranged from a few minutes up to 18 hr. Back- 
reflection diffraction patterns at normal incidence 
and using the same radiation as above were then 
obtained from the electrodeposited copper specimens. 
After analysis of the various diffraction patterns, the 
electrodeposits were electropolished, electroetched, 
and examined microscopically. 


3. Results and Discussion 


Figure 1 is a series of three photomicrographs 
showing the microstructures of the electrodeposits 
on the monocrystalline copper specimens having sur- 
faces parallel to the cubic, dodecahedral, and octahe- 
dral planes. Two of the photomicrographs in figure 
1 appear to be of polycrystalline metal, but figure 
1.b is definitely monocrystalline in character. 
Figures 1,a and 1,c exhibit strong evidences of twin- 
ning in their microstructures, but figure 1,b shows 
no twinning. 


3.1. Deposition on Surface Parallel to an 
Octahedral Plane 


A photograph of a normal incidence Laue back- 
reflection diffraction pattern obtained from a copper 
monocrystal whose surface is parallel to an saul 
dral plane is shown in figure 2,a. Figure 2,b is the 
same type of pattern from the same specimen after 
it had received an electrodeposit of copper. It 

| obvious that X-rays were reflected from more planes 
| in the electrodeposited copper than were reflected 
from planes in the base crystal. 
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The normals of the reflecting planes represented 
by Laue spots in figure 2,a were plotted in a stereo- 
graphic triangle, as shown in figure 3,a. The normals 
of the reflecting planes represented by Laue spots in 
figure 2.b are shown in the stereogra phic triangle 
shown in figure 3,b. The solid circles represent 
normals of reflecting planes from which spots were 
obtained on both the unplated and plated specimens, 
and the open cireles in figure 3,b are the normals to 
the reflecting planes represented by Laue 
obtained only from the plated specimen. The sizes 
of the circles are roughly proportional to the inten- 
sities of the pertinent Laue spots. Due to difficulty 
in photographically reproducing many of the less 
intense Laue spots present on the diffraction patterns 
used to obtain figure 2, there is a seeming discrepancy 
between the number of Laue spots on these photo 
graphs and the number of corresponding poles 
indicated in figure 3. ‘Lhe latter, however, are the 
factual representation of the poles of the planes from 
which reflections were obtained, as determined from 
the diffraction patterns. This same apparent dis- 
crepancy between spots on photographs of diffraction 
patterns and poles shown in corresponding stereo 
graphic triangles will be noted in the discussion of 
electrodeposition on surfaces parallel to the dodeca 
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tofl1ll A principa lirection in the urface of the base er 


shown in the stereographic triangles represent. the 
Laue spots actually observed The circles conta. 
ing a cross will be explained later in a discussion of 
the means of indexing the various spots shown jn 
figure 3 

The stereographic triangles shown in figure 3 are 
oriented so that the poles of the projection corre. 
spond to the spots in a segment of the diffraction 
patterns in figure 2. The segment is outlined only 
on the diffraction pattern from = the crvstal 
figure 2,a. The segment for the pattern in figure 2.) 
is in the same relative position as that in figure 
because the azimuthal orientations of both 


base 


patterns 
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FIGURE 4. 


stereographic triangles is followed throughout this 
paper. 

Figure 4 is a stereographie triangle showing the 
spots shown in figure 3,b. In this triangle it is 
necessary to know the location of certain poles, which 
could not be located from the pertinent diffraction 
pattern ' size limitations of the 
camera, in order to index certain zones that contain 
poles corresponding to Laue spots found in the 
diffraction pattern. These poles, not present as 
Laue spots on the diffraction pattern, have been 
located by means of circles containing crosses in 
order to distinguish them from all other poles in the 
triangle, which were actually located from Laue 
spots present in the diffraction pattern. 


spots because of 


It will be noted that each of the solid cireles in 
figure 4 is at the intersection of two or more zones 
and that the formulation of the indices of the spots 
represented by the solid circles is in accordance with 
the conventional crystallographic method for index- 
ing such spots. The open-circle spots in figure 3,b, 
ndexed in figure 4, are the location of poles corre- 
sponding to the Laue spots from the twin of the 
surface plane of the base crystal caused by a 60 
clockwise rotation about the octahedral axis parallel 
to the surface normal. An explanation of the 
method of indexing the open-circle spots is given in 
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ones shown in figure 3. 


the appendix. An interpretation of figure 2,b, from 
which the position of the poles with respect to the 
octahedral pole in the stereographic triangle shown 
in figure 4 were determined, indicates that the twin- 
ning plane in the electrodeposit is parallel only to the 
octahedral plane parallel to the surface of the base 
crystal. At the current density used for this work, 
twinning occurred only on the surface plane. At 
other current densities it is conceivable that twinning 
might also occur on close-packed planes other than 
the surface plane. 

A careful investigation of the spots from the twin 
orientation showed that, as electrodeposition pro- 
gressed, they gradually increased in intensity to a 
value equal to that of the intensity of a corresponding 
spot in the base crystal. This would appear to 
indicate that a constant ratio between the twinned 
and untwinned orientations was built up in the 
electrodeposit, 

The method of packing spheres to illustrate the 
regular and the twin position of an atom with respect 
to the uppermost two layers in the octahedral plane 
of the base crystal is shown in figure 5. Figure 5,a 
shows the atoms as they would be packed in the 
uppermost two layers of a monocrystalline speci- 
men whose surface is parallel to an octahedral plane. 
Figure 5,b shows an atom (dark sphere) as it would 
be located in the first layer of the electrodeposit if 
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Figure 5 s phere 
copper 


» layers in the octahedr 


1) The uppermost tw il plane, (b) the deposition of 
in atom of copper (dark sphere) in the first of two positions in which it might 
locate, and (c) the deposition of an atom of copper (dark sphere n the second 


of two positions in which it might locate 


the deposition were such as to continue the atomic 
configuration of the basis metal, in kind. Figure 
5,c shows the atom (dark sphere) located in the posi- 
tion that it would occupy if the deposition were such 
that the first laver deposited bore a twin relation- 
ship to the uppermost two lavers of the base crystal 

Figure 6 shows by means of spheres the atomic 
arrangement at the interface of the metal 
(bottom two layers) and electrodeposit (top layer 
a) if the atom were to locate as in figure 5,c, and (b 
if the atom locates as in figure The arrange- 
ment of spheres in figure 6,a represents the atoms 
positioned in the ABAB arrangement of the hexa- 
gonal system, in which the atoms of 
alternate close-packed layer are arranged directly 
above one another. In the face-centered cubic 
system (copper) the fourth laver of close-packed 
atoms is directly over the first layer, the fifth layer 
directly over the second layer, the sixth over the 


base 


5,b. 


cause each 





FiGuRE 6. Sketches of packed s phe r depicting the alomiu 
arrangements at the nlerface of base « {sl and electro- 
de posit. 

1) Lf copper ator ny to deposit at location shown in figure 5, (b) if copper 


itoms were to deposit at location shown in figure 5,b, 


de p cling the atomic 
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third, ete., in ABCABC fashion, as shown by th 
packing of spheres in figure 6,b. a 
Judging from the microstructure of the elect 
deposit shown in figure 1,c, it is apparent that , 
copper atom deposits from solution on the surface 
of the base crystal in either of the two positioy 
shown in figures 5,b and 5,ce, since the electrodeposi 
is made up of many small crystals, some of wij! 
have the same orientation as the base crystal, ay, 
some of which are twinned with respect to jt, y 
shown by the diffraction pattern obtained from th 
electrodeposit. 
It is suggested that when the copper atom de 
posits from solution it locates randomly on the orig; 
nal surface, either twinned or untwinned with re 
spect to the base crystal. The originally deposite 
atoms are then nucleation points around which syb 
sequently depositing atoms locate. These atom: 
probably deposit in monolayers around the nuelea 
tion atoms, those locating around the originally 
posited twinned atom forming a twinned area an 
the atoms surrounding the untwinned first-deposite 
atom forming an untwinned monolayer of atoms 
The two monolayers then grow laterally into eae 
other. The juncture of a monolayer of twinne 
atoms and one of untwinned atoms is a line of misfi 
of atoms which constitutes a twin boundary.  Thes 
lines of atom misfit are probably the sides of th, 
equilateral triangles seen in figure 1,c. As subse. 
quent monolayers of atoms deposit, the areas j 
which misfitting of atoms occurs eventually becom 
large enough to preclude subsequent deposition ji 
an orderly fashion and an irregularly formed graiy 
boundary, such as may be observed in figure 1, 
results. As a consequence of this type of growt! 
the deposit is polyerystalline in character but wit! 
the individual crystals having a very high degree of 
preferred orientation. This structure is apparent 
both from the appearance of the microstructure 
figure l,c, and from the diffraction pattern of th 
electrodeposited crystal, figure 2,b. 
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3.2. Deposition on Surface Parallel to Dodecahedral 
Plane 


Figure 7,a is a photograph of a Laue back-reflee 
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reflection spots in figure 7. 


FIGURE 8 Unit 
of pole S that co 


ste reog aph i¢ 
‘ spond lo the 


tion diffraction pattern of a monocrystalline copper 
specimen whose surface is parallel to the dodecahedral 
plane, the incident beam having been perpendicular 
to the specimen surface. Figure 7,b is a diffrae- 
tion pattern of the same specimen after receiving a 
heavy deposit of copper 

Figures 8,2 and 8,b are stereographic triangles 
representing the poles of reflecting planes from which 
Laue spots were obtained on the unplated and plated 
monocrystalline copper crystals shown in figure 7. 
The solid and circles represent poles, as 
previosuly described for figure 3. It will be noted 
that there are no open circles in figure 8,b, as there 
were in figure 3,b, because reflections from planes 
other than those which caused reflections in the un- 
plated specimen were not present on the diffraction 
pattern obtained from the electrodeposited speci 
men. Figure 9 is a stereographic triangle identifying 
the spots and zones shown in figure 8. 

The appearance of the microstructure of the elec- 
trodeposited specimen whose surface is parallel to the 
dodecahedral plane, figure 1,b, would appear to indi- 
cate that the atomic arrangement in the electro- 
deposit is little, if any, different from that in the base 
metal. There no indication in the diffraction 
patterns of the base metal and the electrodeposited 
specimen of any difference in their orientations. 

Figure 10 illustrates (a) the configuration of the 
uppermost two layers of atoms in a monocrystalline 
copper specimen whose surface is parallel to the 


cre ssed 


Is 
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dodecahedral plane, and (b) the positions the first 
layer of deposited atoms takes with respect to the 
layers on which it deposits. An atom depositing 
from solution on the surface shown in 10,a may locate 
in any position on the surface and still preserve the 
atomic configuration of the substrate in so doing. 
Subsequently depositing atoms likewise do not alter 
the atomic configuration at the base crystal interface 
no matter where they deposit. Succeeding layers of 
atoms are deposited similarly, all in a very orderly 
fashion with respect to the underlying layers. Thus, 
when deposition is upon a surface parallel to a 
dodecahedral plane, the orientation of the atoms 
in the electrodeposit is exactly the same as that of 
the atoms in the base crystal. It is emphasized that 
such an electrodeposit was obtained at a specific 
current density. At other current densities it is 
conceivable that twinning might occur on this surface 
also. 


3.3. Deposition on Surface Parallel to a Cubic Plane 


Figure 11,a is a photograph of a Laue back-reflec- 
tion diffraction pattern obtained at normal incidence 
on a monocrystalline copper specimen whose surface 
is parallel to a cubic plane. Figure 11,b is the same 
kind of pattern obtained after the specimen has 
received an electrodeposit of copper. The difference 
in the number of Laue spots on the two photographs 
is obvious. 

Figures 12,a and 12,b are stereographic triangles 
whose poles correspond to the Laue spots shown in 
figure 11. The solid circles represent reflections 
obtained from both the unplated and plated speci- 
mens, and the open circles in figure 12,b, represent 
additional spots found only in the diffraction pattern 
from the electrodeposited specimen. Figure 13 is a 
stereographic triangle identifying the spots and zones 
shown in figure 12. 

Comparing figures 12,a and 12,b, it is readily ap- 
parent that there are many more reflecting planes in 
the electrodeposit than there are in the base metal. 
Using figure 13 to identify the open-circle spots in 
figure 12,b it is obvious that the indices of reflections 
that were present only in the pattern from the elec- 
trodeposited copper were of a conspicuously higher 
order than the indices of reflections that were present 
in the pattern obtained from the base crystal. 

Since the wavelengths, in accordance with Bragg’s 
law, that correspond to the very high indices are 
smaller than the minimum wavelength used in mak- 
ing the patterns, it is obvious that the reflections are 
not from crystals having the same orientation as the 
base crystal. It is postulated that the apparently spu- 
rious reflections are from crystals that were formed 
by twinning on the octahedral planes of crystals 
that were deposited with an orientation correspond- 
ing to that of the base crystal. If this is true, then 
the twinning should result in the creation of certain 
low-index crystallographic planes in portions of the 
electrodeposit that are parallel to the high-index 
planes from which reflections have apparently been 
obtained. The high-index planes whose normals 
are shown in figure 13 were reindexed in accordance 
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with the method described in the appendix in an 
effort to determine whether the extra Laue spots 
seen in figure 11,.b could be reflections from micro- 
crystals in the electrodeposit bearing a twin relation- 
ship to the base crystal. Table 1 lists the reindexed 
planes as ‘‘true reflecting planes’ opposite the planes 
as indexed in accordance with the orientation of the 
base crystal, which planes have been designated 
“apparent reflecting planes.’’ The former are the 
low-index planes in the twinned portion of electro- 
deposit that are parallel to high-index planes in the 
base crystal and the untwinned portion of the electro- 
deposit. The apparently spurious reflections all now 
have indices with ‘“‘d” spacings that, in accordance 
with Bragg’s law, correspond to wavelengths greater 
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Stereographic triangle identifying spots and zones shown in figure 8 


than the experimental minimum. Furthermore, th 
new indices are included in the families of indices 
obtained for the reflections in patterns of the bas 
crystal. These facts justify the postulate that the 
electrodeposited copper consisted of crystals having 
orientations of the base crystal and its four twins. 

Figure 14 illustrates by means of the packing-of- 
spheres method the atomic arrangements present in 
the preferentially oriented microcrystals making up 
the electrodeposit whose microstructure is shown in 
figure Lva. 

Figure 14,a shows the atomic arrangement in the 
uppermost two layers when the surface is parallel 
plane. Figure 14,b shows the position 4 


to a cubic 
atom (dark sphere) will take with re 


depositing 
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4) Before, and (b) after electrodeposition of copper on a copper monocrystal* 
parallel to a cubic plane and the X-ray beam normal to the 
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FIGURI back-reflection diffraction patterns. 
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spect to the uppermost two layers in order for the 
orientation of the base crystal to be continued in the 
electrodeposit. There is no position in the cubic 
surface, as such, in which an atom can locate that 





would not continue the orientation of the base 
crystal. The microstructure of the electrodeposit, | 
- . . . | 
figure la, and the diffraction pattern, figure 11,b, | 


with interpretation of extra spots as described here- 
in), however, indicate that at some period during 
eleetrodeposition, situations are created whereby 
atoms are able to locate in a choice of positions, in | 
one case where the atomic configuration of the base | 
metal will be continued, in kind, and, in a second | 
case, where the atomic arrangement is twinned with | 
respect to the base metal. 

It is postulated that the atoms at first all locate 
as shown in figure 14,b, building up as monolayers of 
atoms in accordance with the orientation of the base 
crystal as the atoms deposit laterally around the 
the atoms first depositing at random sites on the 
surface. In time, however, some of the layers of 
depositing atoms grow thicker than others as they 
grow laterally about nucleating atoms depositing at 
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of poles that corre spond to the reflection spots in figure 11. 


scattered points over the entire surface of the electro- 
deposit. This gives rise to the formation of octa- 
hedral planes as shown in figure 14,b, on which planes 
subsequently depositing atoms can locate in a choice 
of position, as in the sketches shown in figure 5. 
Atoms locating in twin positions on such surfaces, 
when viewed in a direction normal to the cubic plane, 
are depicted by the dark spheres in figure 14,c. 

It is suggested that the atoms depositing from 
solution at low-current density have a great tendency 
to deposit such as to form monolayers whose orienta- 
tion is the same as that of the base crystal. With 
increasing deposition time, twinning occurs on the 
octahedral planes, with a consequent formation of 
areas in which the atoms are in a state of misfit, 
these areas at first constituting twin boundaries. 
With additional deposition time the areas of misfit 
are aggravated and eventually become so large as to 
destroy the ability of depositing atoms to fit into the 
electrodeposit with any semblance of regularity, at 
which time a grain boundary is formed. Although 
there is considerable grain-boundary area in figure 
1.a, the diffraction pattern, figure 11,b, indicates that 
the microcrystals in the electrodeposit which have 
grown in accordance with the orientation of the base 
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Figure 13. 


crystal still predominate the structure. It 
gested that additional deposition would result in 
more and more areas becoming twinned and conse- 
quently the development of more areas of misfit as 
the preferentially oriented microcrystals grow into 
each other. Eventually, the areas of misfit evolve 
from twin boundaries to grain boundaries the 
degree of misfit is further aggravated. The subse- 
quent increase in the number of grain boundaries 
eventually diminishes the surfaces on which the 
atoms can preferentially locate and the entire surface 
mass of microcrystals randomly 
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Stereographic triangle identifying spots and zones 
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4. Conclusions 


As a result of an analysis of Laue bac k-reflectio 
diffraction patterns obtained from copper electrod 
deposits on monocrystalline copper base crystal 
of varying surface orientation at a current density 0 
approximately 30 ma/em’, using an acid-sulfat 
electrolyte, the following conclusions can be drawn 

1. A copper electrodeposit on a surface parallel t 
the dodecahedral plane 1s monocrystalline in charac 
ter and duplicates the orientation of the base crystal 

2. Copper electrodeposited on a surface parallel to 
the octahedral plane has a very preferentially orr 
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TaBLE 1. Apparent reflecting planes shown in figure 13 and 
calculated true reflecting planes present in the twinned portions 
of the electrode posit. 


Apparent rue Apparent True 
R flecting reflectiz Spot reflecting reflecting 
plane plane plane plane 
2 937 27 5 11 23 517 
9 20 } 28 5 11 31 775 
3 8 13 14 32 2 413 142 
{ S14 2 34 1 211 132 
r 2 l 35 7 13 23 973 
2! ‘ 3h 7 13 31 719 
8 s $ 37 4713 $14 
) 13 3s 4714 $42 
3 3 13 5 713 151 
{ } 44 7 14 315 
i 8 2 4 5 7 23 337 
r 410 “ 4 5 7 3i 39 
23 3 17 { 11 141 
24 , , 48 7 717 353 
) 3 2 49 1 4 ii 232 
2 i $04 


ented polyerystalline character, some of the individ- 
ial crystals having the same orientation as the base 
crystal and some being twinned with respect to it. 

3. The copper electrodeposit on a surface parallel 
to a cubic plane is polycrystalline in character, the 
individual crystals being very preferentially oriented 
with respect to the base crystal, some continuing the 
base-crystal orientation and others being twinned 
with respect to it. 








FIGURE 14 Sketches of packed spheres depicting the atomic 
arrangements in the cubic plane of copper 
» top layers of atoms, (b) the deposition of an atom of copper (dark 


ation which will perpetuate orientation of base metal in electro- 
eposit, in kind, and the deposition of atoms of copper (dark spheres) in 
tions corresponding to the twin positions on the octahedral planes of the 


MAL 
se metal. 
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6. Appendix. Interpretation of 
Diffraction Patterns 


The procedures for indexing the open-circle spots 
shown in figures 3,a and 12,b are outlined in the 
following sections. 


6.1. Electrodeposit on Surface Parallel to 
Octahedral Plane 


Figure 15 is a pole figure showing the relationship 
between principal poles in a stereographic projection 
when the octahedral pole is at the center of the pole 
figure. The darkly outlined triangle, 1 1 1, 1 1 0, 
| 0 0, is the stereographic triangle shown in figure 4. 
It is one of six stereographic triangles bounded by the 
three cubic zones shown in the pole figure. The six 
stereographic triangles bounded by the short dashed 
lines are the above-mentioned six triangles rotated 
60° clockwise about the normal to (1 1 1). The 
poles shown as open circles and identified with itali- 
cized indices in the rotated triangles are thus in twin 
positions with respect to the basic orientation. Only 
that part of the basic projection bounded by the 
cubic zones is shown in the rotated position in order 
to minimize confusion. Also shown in the basic 
projection are several principal zones, [1 0 1] , 
[1 1 Oj, (0 1 1), [211], [121], [3 2 1] and[1 3 2}. 
The latter two zones contain 5 7,1 and 4 2 1, 
respectively, which are shown as solid circles as it is 
known that reflections from the planes normal to 
these two poles were present in the diffraction pattern 
from the electrodeposit on the surface parallel to the 
octahedral plane. 

After rotating the basic projection 60° clockwise 
about the normal to (1 1 1), zones [/ O 1} and 
[2 1 O} in the rotated projection will coincide with 
zones [1 1 0] and [0 1 1], respectively, in the basic 
projection. The indices of the rotated zones are 
shown in italics. By rotating one zone so that it 
coincides with another, all poles on the two zones 
will lie on one zone. Poles on different zones, 
which before rotation have equivalent distances from 
the axis of rotation, will, of course, coincide when 
the pertinent zones coincide after rotation. Thus, 
in figure 15 and in figure 4, all poles shown as solid 
circles in zone [I 1 0] will lie on zone [0 1 1], 
where they are shown as open circles, after 60° 
clockwise rotation about the normal to (1 1 1). 
There is no open-circle spot corresponding to 7 7 | 
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on zone [0 1 1] in this case because 7 7 1 and | poles on those zones are common both to the basi 


j 

3 1 1 both make equivalent angles, in their respec- | projection and to the basic projection rotated 60 All ot 
tive zones, with the axis of rotation, and, therefore, | clockwise about the normal to (1 1 1). triang! 
7 7 1 is superimposed on 3 1 1 after rotation. The indexing of all of the open-circle spots show “—" 

Similarly, in figure 15, all poles on zone [I 0 1 within the stereographic triangle, figure 4, is accom ¢ The 
will fall on zone [1 1 0] after rotation. This is | plished in the same manner described above for indes ee 
shown in figure 4. Here again, we have the case | ing the open circle spots on the sides of the triangl rota tic 
of a pole on one zone superimposing on a pole in a | by the superimposition of zones of rotated triangle angle 
second zone after rotation. 1 3 1 in zone [1 0 1] | on zones of the basic projection. In jigure TY peor 
(not shown in figure 15) coincides, after rotation, | normal to (5 7 1) in the basic projection is show eriac 
with 7 7 1 in zone [1 1 0} (shown in figure 4) and is | within triangle 1 1 1.1 1 0.0 1 0. in zone [3 21 with r 


not, therefore. shown as an open-circle spot in When this particular triangle is rotated 60 clockwis 
Rie S62.E 

igure a. _ about the normal to (1 1 1), it is reoriented wit 

In rotating the basic projection 60° clockwise respect. to the basic projection as shown by tl 
about the normal to 1 1 1). zone (2 1 1) will shaded triangle. In the rotated position, zon The 
coincide with zone [1 2 1] and, therefore, all poles [3 2 1] now coincides with zone [1 3 2] of th circle 
in zone [2 7 1] will superimpose on the poles in | basic projection and the normal to (5 7 1), whiel indexe 
zone {1 2 1}. It will be noted that all poles on zone lies on [3 2 1] of the basic projection, can be see! the hi 
in relation to the normal to (4 2 1) of the bas plishes 


{1 2 1] in figure 4 are shown as closed circle spots 
projection. Compare with same spots in figure 4 


All zones of the type [2 1 1] and, consequently, all 
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1 twin orientatior e shown in italics and parts of zonal cir 


All other open-circle spots within the stereographic 
triangle shown in figure 4 can be indexed in a similar 
manner. 

The difference between the diffraction pattern in 
figure 2,a and that in figure 2,b is the result of simple 
rotation about the surface normal, the rotational 
angle being 60 This indicates that some of the 
microcrystals making up the electrodeposit on the 
surface parallel to the octahedral plane are twinned 
with respect to the base crystal. 


6.2. Electrodeposit on Surface Parallel to Cubic 
Plane 


The determination of the indices of the open- 
circle shown in figure 12,b, which, when 
indexed with respect to the basic orientation, have 
the high indices shown in figure 13, can be accom- 
plished by the following method: 


spots 
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projection showing method of reindexing reflections on basis of a twin orientation of the base crystal. 


dashed. 


Figure 16 is a pole figure showing the relationship 
between principal poles in a stereographic projection 
when the cubic pole is at the center of the pole 
figure. The darkly outlined triangle 1 1 1, 0 1 1, 
0 0 1, in the vicinity of the center of the pole 
figure is the stereographic triangle shown in figure 13. 

An example of this method is illustrated by means 


of figure 16. In figure 13, spot number 38 is indexed 


4 7 14. It is the spot (pole) common to zones 
(0 2 1) and [7 4 0] (see fig. 13) of the base crystal, 


the basic orientation of figure 16. The dashed lines 
in figure 16 show the orientation of the octant 1 0 0, 
0 10,0 0 1 after a clockwise rotation of 60° about 
the normal to the (1 I 1). The rotated orientation 
of the I 1 1,1 1 0,0 1 O unit triangle is shown by 
shading. All poles and zones in the rotated orienta- 
tions are shown in italics to differentiate them from 
the corresponding poles and zones shown in the basic 
orientation. The two zones [0 2 1] and [7 4 0], re- 
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indexed with respect to the system of indices of the 
rotated orientation should then define the indices of 
a spot that coincides with spot number 38, 4 7 14. 
The zone in the rotated orientation parallel to zone 
[7 4 O0| in the basic orientation, projected to intersect 


a zone in the former containing 0 7 0 and J 7 0 in- 
tersects this zone at a point 26°34’ from 7 7 0. This 
is the angle between 1 3 0 and 1 1 0 The zone 
corresponding to [7 4 0} also intersects a zone con- 


taining J J O and 7 7 7 in the rotated orientation 
at a distance 29°30’ from / 7 0. This is the angle 
fand! 10. The normals to (J 3 0 
and (5 5 4) then lie in a zone in the rotated orien- 
tation, which is parallel to zone {7 4 0] in the basic 
orientation. This zone is thus indexed {6 2 4|. The 
zone in the rotated orientation, which ts 
parallel to zone [0 2 1] of the basic orientation, in- 


between 5 5 


second 


tersects a zone containing 0 7 0 and J 7 7 in the 
rotated orientation at a point 19 28’ from J 7 7. 
This is the angle between 1 2 1 and 111. The 


zone corresponding to [0 2 1| also intersects a zone 
containing J J 7 and J 7 @ in the rotated orienta- 
18’ from / 7 / 

between 2 2 land I 1 1. Ui 21) 
and (2 2 1) then lie in a zone of the rotated orien- 
tation, which ts parallel to zone [0 2 1) of the basic 
This zone is 

Zones |6 2 5) and [0 7 2) in the rotated orientation 
are then parallel to zones |7 4 0} and |0O 2 LI, re- 


tion at a point 15 This is the angle 


The normals to 


orientation. thus indexed [0 7 2 


spectively, of the basic orientation. The former ty, 
zones intersect to locate the normal to (3 4 2), whia 
plane is thus parallel to high-index plane (4 7 14). 

The above example was selected to illustrate th, 
case Where a clockwise rotation of 60° about one » 
the four [1 1 1| axes resulted in low indices for th, 
too high indices of the ‘“‘apparent reflecting planes.’ 
A similar reindexing on the basis of rotations abou 
the other three [1 1 1] axes resulted in high indices 
too high to be accountable by the limitation IM pose, 
by the minimum wave length used in obtaining th 
diffraction patterns By following the procedur 
used in the foregoing illustration, all of the appare 
reflecting planes were reindexed and are listed ; 
table 1 under the heading “True reflecting planes 
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monocrystal used in the investigation, and to R. J 
Fallon, a summer staff member currently doing grad 
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the results obtained by the author, furnished infor 
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cept of the crowth of the electrodeposits, 
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Dielectric Constant of Deuterium Oxide 
Cyrus G. Malmberg 


\{n equal ratio-arm, capacitance-conductance bridge operated at frequencies below 100 
kilocycles per second was used to measure the dielectric constant of deuterium oxide with 
an accuracy of 0.1 percent or better in the range 4° to 100° C \ value of 77.94 was found 
for the dielectric constant at 25° C. The data fit the relation 

€ 87.48 0.40509) 7 GY O38 10-4) #¢- 1.333 10 [*, 
with a maximum deviation of less than 0.01 unit in dielectric constant These values were 
obtained by using a sample having a deuterium oxide content of 99.38 mole percent, 
Ly Viation ol these values from those for pure ade uterium oxide, aS ou result of isotopic cone 
tamination, is estimated to be less than 0.005 unit. Some aspects of the temperature 
depend of the dielectric constant and of that of a macroscopic polarization are discussed. 


1. Introduction 

Onlv a few determinations of the dielectric con- 
stant of deuterium oxide have been reported in the 
literature, and of these only Wyman and Ingalls [1 
report static vi alues obtained over an extended range 
of temperature Theu po 9 included a direct com- 
parison with water from 0° to 100° C, and the values 
obtained were dependent on Wyman’s [2] value for 
water at 25 C 

The present Investigatllon Was designed to redeter- 

ie the dielectric constant of deuterium oxide from 
1° to 100° C with an accuracy of 0.1 percent or better. 
The measurements were made with a low-frequency 
bridge, equipped with a Wagner ground, and a 
three-terminal test cell. They were essentially 
absolute in that no standard medium other than air 
was required for calibrating the cell. 


2. Materials 


The deuterium oxide was a sample originally 
stated to be 99.5 mole percent deuterium oxide. 
Mass spectrographic analysis indicated that the 
oxvgen content was 0.9 mole percent Q) After 
distillation of the sample in a closed svstem and 
measurement of its dielectric constant, the density 
of the sample was found to be 1.1045; g/em at 25° C. 
When corrected for the excess ©, this density 
corresponds to a deuterium oxide content of 99.38 


mole percent, 
3. Experimental Techniques 


The a-c bridge was of the equal ratio-arm, capac- 
itance-conductance type employing a Wagner ground 
to permit proper use of the guarded test cell. With 
minor exceptions, this apparatus and the techniques 
employed in the measurements were the 
same as previously described [3, 4 All measure- 
ments were made at frequencies in the range 3 to 96 
ke ina cell that was used fora previous determination 
ordinary water [4] (cell A). To control its 
‘emperature more simply, this cell was fitted with a 


prese nt 


Figures in brackets indicate the terature references at the end of this paper 


leakproof cover to allow its total immersion in the 
bath media, with control to better than 0.01° C 
Determinations of the air capacity of the cell were 
made both before and during the measurements on 
DO as part of stepwise recalibrations of the funda- 
mental interval of the standard capacitor. These 
measurements and check measurements with 
ordinary water as the dielectric media indicate a 
very slight change of 0.01 percent in the replaceable 


capacity of the cell from that previously found. The 
long-term stability indicated by these checks also 
serves for purposes of comparison to relate more 


closely the present measurements on deuterium oxide 
with those previously made on water. 

Because excessive conductance of the sample can 
be a major source of error, it is particularly desirable 
to eliminate ionizable impurity in the material under 
study. The apparatus shown in figure 1 was de- 





A and the two-stage still de- 


Arrangement of cell 
signed for separation of ionizable impurity from the sample 
of D ). 


FIGURE 1 
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signed for this purpose, in view of the limited sample 
available. It consists of the two simple Pyrex-glass 
evaporators and condensers connected in tandem 
with the cell. The output of the second stage is fed 
to the reservoir of the cell, and after passing through 
the cell is returned to the evaporator of the first stage. 
Isolation of the system is accomplished by connec- 
tion to a 20-liter atmospheric ballast, through a 
reflux condenser from the first stage. 

The two stages were required to free the distillate 
of volatile acidic and basic impurities, such as carbon 
dioxide and deutero-ammonia (ND,). This was 
accomplished by placing 1 g of calcium oxide formed 
from the carbonate in the first evaporator and 2 g of 
phosphoric anhydride in the second evaporator. 
Approximately 600 ml of sample was then added 
to stage 1, and half of this was distilled into stage 2 
to produce alkaline and acid solutions for respective 
conversion of volatile acidic and basic impurities to 
nonvolatile compounds. As the system was effec- 
tively closed, redistillation and recirculation through 
the cell could continue until minimum conductivity 
or that of a degree desired had been achieved. 
Through use of a temporary heating coil surrounding 
the cell, the contents could be maintained at the 
boiling point to aid in leaching out the cell and to 
permit adjustment of the final level as desired in its 
reservoir, Boiling the sample in the cell also elimi- 
nated the tendency for bubbles to form between the 
electrodes. 

Contamination by water vapor and carbon dioxide 
was avoided by maintaining an atmosphere of nitro- 
gen over the sample in the cell during the course of 
the measurements of dielectric constant. Following 
a set of measurements the cell was reinserted in the 
distillation train and refilled for companion measure- 
ments. During the various stages of “‘processing”’ 
the cell, the minimum conductivity observed at 25° C 
was 0.050umho/cm. 

Determinations of the dielectric constant of the 
deuterium oxide were made at 5-degree intervals. 
For each temperature the cell was refilled at least 
once and the measurements repeated. 

Conditions of corresponding conductivity at a 
given temperature were avoided as a further check 
on the validity of the procedures used to correct for 
the influence of conductivity and related phenonema 
[4]. At any temperature the values of dielectric 
constant obtained agreed to better than 0.01 unit 
with respect to their mean. 

In all, 60 determinations were made at 21 tempera- 
tures. Except for error resulting from isotopic con- 
tamination of the sample, which is estimated to be 
less than 0.005 unit, the known sources of error are 
similar, and their effects are comparable to those 
previously reported for water. (The residual uncer- 
tainty in dielectric constant as a result of any recog- 
nized source of error appears to be limited to 0.01 


4. Results 


The values of the dielectric constant of the sample 
to 100° © fit the 


unit or less.) 


as measured over the range 4 
equation 


e=87.48,.— (0.40509) t+ (9.638 & 107-4) # 
(1.333 > LO~*)# | 
| 
where ¢ is the temperature in degrees Celsius, Tp, 
values obtained from this equation, along with the 
difference between these values and those measure; 


at specific temperatures, are listed in table 1, Thy 
maximum deviation is below 0.01 unit. Values of 
de/dt and the temperature coefficient (1/e)(de/d 


are listed in the remaining columns. 
lhe data may also be represented by the relatig, 
1.94167 


LOgo€ -).00199408. 


with a maximum deviation of 0.03 unit and q 
average deviation of +0.02 unit in dielectric ¢op. 
stant. However, these deviations are not randop 
with temperature. The over-all accuracy of th, 
values of dielectric constant listed in table 1 js 
considered to be +-0.05 unit or better and that of 


the temperature coefficient 1 percent or bette 
at all temperatures. Deviation of these valyes 
from those for pure deuterium oxide as a result 


of isotopic contamination is estimated to be less 
than 0.005 unit. 


I ABLI ] Dis lectric constant of deuterium oxide and re lated 
data 
€ eq €eq eat edt le 
€ 
ti 
} 85.877 +1). OOF 0. 3974 1.627 
s ist) OO} BUA6 1. 128 
Th) R3. 52 Oo2 ss62 1.624 
l SI O1S OO1 3771 1620 
20 79.7 O01 3681 if 
2 74. OS Ol 3594 1.61 
: 76. 161 oo 3509 1. 607 
$ 74. 427 1 $42 1.002 
+ 2. (30 OO 3344 1 7 
+ 71.083 OO) $205 1593 
‘0 69. 470 003 3187 4. 587 
67, SUF Ow $112 4.583 
4) 66. 358 OO! {03S 4 7s 
H 64. SAT OO 2067 4 75 
vf 63. 391 OO 2SUS 1 71 
45 61. ¥59 oOo 28340) 4.567 
mi) 60. 561 oo 2765 + 56 
s + 104 OOS 2701 1 563 
”) 7. RAY On) N40) 4.563 
’ 6. 554 O00 258 4. 504 
Oo 7s 006 2523 4. 504 


5. Discussion 


A direct comparison of the present data witl 
those of Wyman and Ingalls is not too significant 
due to the difference in absolute reference. A com 
parison by means of the companion measurement: 
on ordinary water is possible and also advantageous 
because the similarity of D,O and H,O makes thei 
difference in dielectric constant of some interest 
These differences, as determined by Wyman and 
Ingalls, and by Malmberg and Maryott and the 
present data, are shown, respectively, by curves 
A and B of figure 2. The shape of these curves 

| seems significant in that both show distinct maxims 
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FieuRE 2. Comparison of the temperature-dependence of the 
lifference in dielectric constant between HO and D.O as de- 
Wyman and Ingalls (A) and by Malmberg and 


B). 


le? mined b / 


Varyott and the present work 


in the same temperature range. At the same time, 
their lack of identity indicates that significant error 
exists for which correction has not been made. 
The differences involved are small but not negligible 
in view of the precision of measurement achieved. 
No positive explanation for the difference in Ae is 
available and, as the limits of accuracy of Ae are 
set by those of the parent data, it is difficult to 
assess its actual significance in any case. These 
limits are indicated in figure 2, where the bands 
centered about curve B respectively represent the 
experimental reproducibility obtained and the limits 
of accuracy in terms of the basic data. The band 
centered on curve A represents the sum of the mean 
deviations reported for the data supporting this 
curve (0.078%). A comparable band for curve B 
would be less than + 0.01 unit wide, about one-sixth 
than that for curve A. If unrecognized 
of error involved in the measurements sup- 
porting curve B are constant, then the probable 
awcuracy of this curve is closely related to the 
reproducibility of the data. It is believed that a 
hear approach to these conditions was achieved 
experimentally and that the values of Ae for curve 
Bare probably accurate to +0.03 unit or better 

In figure 3, values of the temperature coefficient, 
l/e)(de/dt), obtained by Wyman and Ingalls are com- 
pared with those listed in table 1. The values from 
the present data are considerably more constant with 
temperature, and consequently the data are more 
nearly represented by a logarithmic relation, such as 
eq (2), than are the data of Wyman and Ingalls. The 
agreement in temperature coefficient obtained is in 
general satisfactory, even though a knowledge of this 


or less 


sources 


Temperature-dependence of the temperature coe ffi- 
cient of € for DO. 

, Reported by Wyman and Ingalls. 

, Present work. 


FIGURE 3 


parameter to better than 1 percent is desirable in cer- 
tain thermodynamic applications. It should be 
noted that the temperature dependence of (1/e)(de/dt) 
for the companion data on water exhibits a distinct 
parallelism with those on D,O, indicating that the 
values obtained are significantly influenced by the 
procedures employed. 

A comparison of dielectric properties can be made 
in terms of a ‘“‘macroscopic polarization”, P, defined 
by 

P f (3) 
where V is the molar volume. The temperature 
dependence of P frequently follows the relation 


P,~a+6/T, 


1)\ 


\€ 


(4) 


where a and 6 are empirical constants and 7’ the 
absolute temperature. Applied to existing data on 
nonpolar, polar, and on “associated” polar liquids, 
the approximation is in many cases quite good, 1 
percent or better, over wide ranges of temperature. 

Values of P calculated for deutetium oxide and 
water in accordance with eq 3 are listed in table 2. 
They are based on the present values for deuterium 
oxide and those for water obtained previously [4]. 
The molar volumes used were calculated by meins of 
the table of densities due to T. L. Chang and L. H. 
Tung [5]. The respective values of 18.021, and 
20.033, were used for the molecular weights of normal 
water and of 100-percent deuterium oxide having 
0.21 mole percent O'’. The present sample of deute- 
rium oxide does not exactly fit this description, but 
this is not significant for the present purpose because 
the effects of concentration errors are estimated to be 
less than 0.005 unit on the value of ¢ at any tempera- 
ture. The difference in polarization, AP, for these 
two compounds is always relatively less than their 
difference in dielectric constant. Values of AP are 
always rather small, amounting to at most about 0.6 
percent around 100° C, and the value changes sign 
between 15° and 20° C. 

Because a graphical analysis was not sufficiently 
sensitive, mean values of the constants @ and 6 
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corresponding to eq (4) were calculated from the 
values of P listed in table 2. 

For D0, 
553,825 


f= 461.58, (5 
l 


P 


and for /7,0, 
544.265 
T 


—428.14 (6) 


P 


TABI I 2 Vacroscopic potari ation oft H {) and D.O 


Pp e ] | 
1 P 
iP 
H.o 1.0 H.o 0 
( 
Ts. O45 ] 4. 4 
5 211, Is. 1240) 1, 539. 74 

uv 215 1212 1, 527. 54 1, 530. 8S 4. 34 
1.0 2m) 114¢ $03.13 1. 404. 93 1s) 
] a O30s rie 1. 460). O1 iu). 5D 0.51 
Jt O540 1253 12s. ( 1) it +0), 5Y 
25.0 741 14K 407, A $05. ¢ 1. 56 
1.0 us 15a 1, 367. 33 Hi4. Y2 2.41 
wf 1258S Is4 1, 338. 41 35. 2 $14 
Hit 1H1u 2139 410. 4 1, a 484 
5.4 1USS 2474 283. 23 1, 275. 84 1.42 
o.0 2387 os4y 256. 83 1, 251. 47 41 SA 
JN) $2651 231. a4 1, 225.9% 2» 
mano $284 47" 1, Aw. 2S 1 Awe th 
ho. 3774 41s4 Is2. 0) 1, ive iw 
if 4401 US 15S. 4t 1, 152. $2 h, 2 
r { 1854 234. 1a 4 1. 1s 6. 36 
ee 543. a 113 16. Ou Hh. 48 
sf m4 Hit m3 Os4 Si t { 
wif Hos 7042 O70. 04 is. MM t ‘ 
Hf 7346 7703 049 42 6.49 
mo SUMS Sul (2s. 44 ] ppd ' $4 

1.4 S24N aU] 


The agreement of the values of P calculated by these 
equations with those listed in table 2 is shown in 
figure 4. In only one instance is the deviation greater 
than 0.1 percent, and the mean deviations are 0.03 
and 0.06 percent, respectively. The error associated 
with these calculations is controlled by the accuracy 
of the values of dielectric constant This agreement 
is therefore very satisfactory as a support for the 
validity of eq 4. If this relation can be sufficiently 
well substantiated for a broad range of pure liquids, 
it will be useful for the interpolation and prediction 


of polarization with temperature as well as for 


possible identification of anomolous behavior in 


liquids. 
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, Additional Abscissas and Weights for Gaussian 
“> Quadratures of High Order: 
; Values for n=64, 80, and 96 


Philip Davis and Philip Rabinowitz ' 


\bscissas and weights for Gaussian quadratures of orders n=64, 80, and 96 are given 
to twenty decimal places. 


the WEIZAC (Weizmann Automatic Computer), 


Ina previous paper,’ tables of zeros of the Legendre 
using triple-precision operations, with the thought 


1 polynomials P,,(2) were published for various values 

‘of n up to n=48. It was also stated there that | that if P,(z,,+5.10°") would be of different sign 

values were available for n—64, 80, and 96. Despite | than P,,(2,,—5.10~*), then x,, would be a correct 

— ~ a brisk demand for these values, they were not | 21-place zero of P,(xz), The only triple-precision 

published with the others because doubt was cast | operations needed were addition, subtraction, and 

; py, on their accuracy. It was feared that the round-off | multiplication. In addition, the triple-precision 

ed as, error accumulated in using the recursion formula for | quotient of two single-precision numbers was needed. 

Legendre polynomials An interpretive routine simplified the program for 
evaluating P,, (x). 


P (4 ok ) “Pp .). r n—1 )P (r) 1) | The results of this computation were that the 
n\s (2 mn) : n n—2\ | SEAC (Standards Electronic Automatic Computer) 
values were all correct to 21 places with one excep- 
P,(x)=1, 1 P,(x)=a tion; one value was in error by 1 in the 21st place 
0, 118 | and has been corrected in the present table. 
would propagate to such an extent that for high Because the weights were computed by the 
h NBs values of n a significant loss of accuracy would result. | formula 
i These values are now published since we have been | 9 ) 
1 NB able to show that these fears were unfounded. dn. 2(1— 2x5) e——  —— (2) 
7, 9 The way this was accomplished was as follows: [nP~1(2en)}? 
Pir, +5.10°2) (k—1..... “) was evaluated on | and because P,,(z,,) was found to be correct to within 
2 | unit in the 21st place, it was felt that P,,_,(2,,) was 
| also correct to 21 places and hence a,, can be 
TTT considered correct to the 20 places given in the table. 
ent address, Weizmann Institute, Rehovoth, Isra In the tables, only the abscissas lying between 0 
Davis and P. Rabinow Abscissas and weights for Gaussian quadra- . . 
ee h NBS 56, 35 (1956) RP2645 and 1 have been listed. 
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Abscissas 


0.9993050417 
0.9963401167 
0.9910133714 
0.9833362538 
0.9733268277 
0.9610087996 
0.9464113748 
0.9295691721 
0.9105221370 
0.8893154459 
0.8659993981 
0.8406292962 
0.8132653151 
0.7839723589 
0.7528199072 
0.7198818501 
0.6852363130 
),6489654712 
0.6111553551 
0.5718956462 
0.5312794640 
0.4894031457 
0.4463660172 
0.4022701579 
0.3572201583 
0.3113228719 
0.2646871622 
0.2174236437 
0.1696444204 
0.1214628192 
0.0729931217 
0.0243502926 


0.9995538226 
0.9976498643 
0.9942275409 
0.9892913024 
0.9828485727 
0.9749091405 
0.9654850890 
0.9545907663 
0.9422427613 
0.9284598771 
0.9132631025 
0.8966755794 
0.8787225676 
0.8594314066 
0.8388314735 
0.8169541386 
0.7938327175 
0.7695024201 
0.7440002975 
0.7173651853 
6896376443 
-6608598989 
-6310757730 
.6003306228 
- 5686712681 
-5361459208 
-5028041118 
-4686966151 


ooocooceo°cec 


35772139457 
71955279347 
76744320739 
84625956931 
89910963742 
52053718919 
58402816062 
31939575821 
78502805756 
95114105853 
54092819761 
52580362752 
22797559742 
43341407610 
60531896612 
71610826849 
54233242564 
54657339858 
72393250249 
02634034284 
19894545658 
07052957479 
53464087985 
63991603696 
37668115950 
90210956158 
08767416374 
40007084150 
23992818037 
96120554470 
87799039450 
63424432509 


51630629880 
98237688900 
65688277892 
99755531027 
38629070418 
85727793386 
43799251452 
43634905493 
09872674752 
72445795953 
71757654165 
38770683194 
78213828704 
63111096977 
80255275617 
81463470371 
04605449949 
35041373866 
83597272317 
62099880254 
42027600771 
86119801736 
46871966248 
29751743155 
22709784725 
97131932020 
88784987594 
70544477036 


n= 64 


n = 80 


Weights 


0.0017832807 
0.0041470332 
0.0065044579 
0.0088467598 
0.0111681394 
0.0134630478 
0.0157260304 
0.0179517157 
0.0201348231 
0.0222701738 
0.0243527025 
0.0263774697 
0.0283396726 
0.0302346570 
0.0320579283 
0.0338051618 
0.0354722132 
0.0370551285 
0.0385501531 
0.0399537411 
0.0412625632 
0.0424735151 
0.0435837245 
0.0445905581 
0.0454916279 
0.0462847965 
0.0469681828 
0.0475401657 
0.0479993885 
0.0483447622 
0.0485754674 
0.0486909570 


0.0011449500 
0.0026635335 
0.0041803131 
0.0056909224 
0.0071929047 
0.0086839452 
0.0101617660 
0.0116241141 
0.0130687615 
0.0144935080 
0.0158961835 
0.0172746520 
0.0186268142 
0.0199506108 
0.0212440261 
0.0225050902 
0.0237318828 
0.0249225357 
0.0260752357 
0.0271882275 
0.0282598160 
0.0292883695 
0.0302723217 
0.0312101741 
0.0321004986 
0.0329419393 
0.0337332149 
0.0344731204 


2169643294 
6056246763 
6897836285 
2636394772 
6013112881 
9671864259 
7602471932 
7569734308 
5353020937 
0838325415 
6871087333 
1505465867 
1425948322 
7240247886 
5485155358 
3714160939 
5688238381 
4024004604 
7861562912 
3272034138 
4262352861 
2365358900 
2932345337 
6375656306 
2741814448 
8131441729 
1621001732 
1483030866 
9645830772 
3480295717 
4150342693 
0913972038 


0318694153 
8951268166 
2469489523 
5140319864 
6811731275 
6926085842 
4110306452 | 
2079782691 | 
9240133929 
4050907611 
8372568804 
5626930635 
0829903142 
7814199892 
1578200638 
4633246192 
6593010129 
6411549110 
6756511790 
0048638067 
5727686239 
8326784769 
5955798066 
8811470164 
7348777314 
9764540138 
8461152281 


517539287 
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Abscissas 


| 0.4338753708 
| 0.3983934058 
| 0.3623047534 


0.3256643707 
0.2885280548 
0.2509523583 
0.2129945028 
0.1747122918 
0.1361640228 
0.0974083984 
0.0585044371 
0.0195113832 


0.9996895038 
0.9983643758 
0.9959818429 
0.9925439003 
0.9880541263 
0.9825172635 
0.9759391745 
0.9683268284 
0.9596882914 
0.9500327177 
0.9393703397 
0.9277124567 
0.9150714231 
0.9014606353 
0.8868945174 
0.8713885059 
0.8549590334 
0.8376235112 
0.8194003107 
0.8003087441 
0.7803690438 
0.7596023411 
0. 7380306437 
0.7156768123 
0.6925645366 
0.6687183100 
0.6441634037 
0.6189258401 
).5930323647 
0.5665104185 
0.5393881083 
0.5116941771 
).4834579739 
0.4547094221 
0.4254789884 
).3957976498 
0.3656968614 
).3352085228 
).3043649443 
0.2731988125 
0.2417431561 
0.2100313104 
0.1780968823 
0.1459737146 
0.1136958501 
).0812974954 
0.0488129851 
0.0162767448 


Weights 


n= 80, Contimed 


31756093062 
81969227024 
99487315619 
47701914619 
84511853109 
92272120493 
57666132572 
32646812559 
09143886559 
41584599063 
52420668629 
56793997654 


83230766828 
63181677724 
87209290650 
23762624572 
29623799481 
63014677447 
85136466453 
63264212174 
48742539300 
84437635756 
52755216932 
22308690965 
20898074206 
15852341319 
02420416057 
09296502874 
34601455463 
28187121494 
37931675539 
39140817229 
67433217604 
76647498703 
44400132851 
48967626225 
42171561344 
43916153953 
84967106798 
25468570386 
77572080684 
61397168404 
24357436227 
54667673586 
20596359768 
67743008636 
07300545365 
28908603285 
72313635031 
92625422616 
54496353024 
91049141487 
63840012328 
60567203603 
6761602759 
54896941989 
10665920911 
64425558994 
36049731112 
49602969579 


n= 96 


WASHINGTON, January 27, 


0.0351605290 
0.0357943939 
0.0363737499 
0.0368977146 
0.0373654902 
0.0377763643 
0.0381297113 
0.0384249930 
0.0386617597 
0.0388396510 
0.0389583955 
0.0390178136 


0.0007967920 
0.0018539607 
0.0029107318 
0.0039645543 
0.0050142027 
0.0060585455 
0.0070964707 
0.0081268769 
0,0091486712 
0.0101607705 
0,0111621020 
0.0121516046 
0.0131282295 
0.0140909417 
0.0150387210 
0.0159705629 
0.0168854798 
0.0177825023 
0.0186606796 
0.0195190811 
0.0203567971 
0.0211729398 
0.0219666444 
0.0227370696 
0,0234833990 
0.0242048417 
0.0249006332 
0.0255700360 
0,0262123407 
0.0268268667 
0.0274129627 
0.0279700076 
0.0284974110 
0.0289946141 
0.0294610899 
0.0298963441 
0.0302999154 
0.0306713761 
0.0310103325 
0.0313164255 
0.0315893307 
0.0318287588 
0.0320344562 
0.0322062047 
0.0323438225 
0.0324471637 
0.0325161187 
0.0325506144 


LOSS. 


4474759349 
5341605460 
0583597804 
3827600883 
3873049092 
6200139749 
1447763834 
06959423)8 
7407646332 
5905196893 
6276953})9 
563066548) 


6555201242 

8894692173; 

1793494649; 

3844468667: 

4292751769 

0423596168 

9115386526: 

256987592]; 
3078338663: 
3500841575; 
9983849859) 
7108831963 
6696157263; 
723148609) 
269949 380% 
0256229138) 
6424517245 
160452608% 
2741146738 
401450224) 
5433332459 
9219129898: 
38744349)% 
5832937400) 
8592621984 
9236469128) 
2248361028 
053493614% 
3567241391: 
255917621% 
2602924282 
1684833444 
6508538564 
5055523654: 
5816790597 
3632838598 
208275937% 
2366914901 
8631383742 
9686135581 
7072716855 
9441100653 
3199266321 
940 3025066 
6857592842 
1406426936 
1386883598 
9236316624 
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4759349 
1605469 
3597804 
7600883 
3049092 
0139749 
7763834 
59423]8 
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5196893 
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Mass Spectra of Aromatic Hydrocarbons Filtered 
from Smoky Air’ 


Fred L. Mohler, Paul Bradt, and Vernon H. Dibeler 


Public health service chemists collected particulate matter from smoky air and sepa- 


rated aliphatic and aromatic hydrocarbons from this material. 
In one method the sample is slowly evaporated from a tube 


analyzed by two methods. 


These samples have been 


furnace directly into the mass spectrometer and spectra recorded as the temperature is in- 


creased step by step. 


reservoir and the vapor passed through a leak into the mass spectrometer. 
the aliphatic compounds are not reported in detail. 


In the other method the sample is completely vaporized in a heated 


Mass spectra of 
Mass spectra of the aromatic fractions 


evaporated from the tube furnace show sharply defined fractionation with molecule ions of 


fused-ring aromatics predominant. 
tentatively identified. 


Compounds containing three to seven fused rings are 
he mass spectrum from the reservoir mass spectrometer was re- 


corded at ionizing voltages of 70 v and at a low voltage, which gives predominantly molecule 


ions 


1. Introduction 


The Sanitary Engineering Center of the Public 
Health Service in Cincinnati, Ohio, has collected 
particulate matter from smoky air by drawing air 
through a glass filter. Hydrocarbons are dissolved 
out of the filter by an appropriate solvent, and 
aromatic compounds are separated from aliphatic 
and alicyclic compounds in a silica gel column. The 
solvent is then evaporated away at a temperature 
of 60° C. These samples have been submitted to 
the Bureau’s Mass Spectrometry Section for study. 
The prolonged drying at 60° C evaporates away the 
lighter hydrocarbons, and the residues are mixtures 
of heavy hydrocarbons with molecular weight in 
excess of about 160. The smoky air samples were 
collected in London, England, and in St. Bernard, 
which is an industrial area near Cincinnati, Ohio. 
Coal smoke is probably predominant in both 
localities. 

The following generalizations can be made about 
analysis of heavy hydrocarbon mixtures. In heavy 
aliphatic compounds the molecule ion peaks are 
always very small (of the order of 1 percent in 
n-paraffins and much smaller in branched com- 
pounds), and radical ions C,Hs, C,;H?, and C;Hy 
are usually the most abundant ions. In monocyclics 
the radical ions, C,H3_,; are more abundant, in 
dievelies C,H ,_,, ete. Thus the mass spectra are 
indicative of the type of compounds in a mixture, 
but the molecular weights are not definitely deter- 
mined. | , 

[In aromatic compounds the molecule ions are more 
abundant, and in polycyclic aromatics the molecule 
ion is by far the most abundant ion. Thus in a 
mixture of heavy aromatics the polycyclic aromatic 
compounds can be identified by their molecule ions. 
[he mass spectra of isomeric polycyclies are quite 
similar, and it is not feasible to distinguish individual 
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rhe fused-ring aromatics include compounds that are carcinogenic. 


compounds where there are several isomers [1].’ 

The mass spectrum at the customary ionizing 
voltages of 50 to 70 v is a mixture of fragment ions 
and molecule ions. In the case of aromatic com- 
pounds the appearance potentials of fragment ions 
are 4 v or more above the molecule ionization poten- 
tials. As the appearance potentials of molecule 
ions fall in a narrow range of less than a volt, it is 
possible to record a spectrum of the molecule ions 
alone at a low voltage of about 12 v [2]. In the case 
of aliphatic mixtures this is not feasible because the 
appearance potentials of the more abundant frag- 
ment ions are often within a volt of the molecule ion 
appearance potentials. 


2. Experimental Procedure 


Two different techniques have been used to obtain 
the mass spectra of the aromatic fractions. In one 
method the sample is evaporated directly from a 
tube furnace into the ionization chamber of a mass 
spectrometer [3]. The sample of a few milligrams 
of material is in a small tube in direct contact with 
a thermocouple that measures the temperature of 
evaporation. The temperature is increased step by 
step, and at each step the mass spectrum is recorded. 
The observations on a sample extend over a period 
of 5or6days. This gradual evaporation fractionates 
the sample, and this is an advantage in dealing with 
a complicated mixture. The method is not quanti- 
tative, however, as the ion currents depend on the 
magnitude of the step-by-step changes in tempera- 
ture. Steps are graduated to keep ion currents of a 
convenient magnitude and fairly constant over the 
time required to record the spectrum. The mass 
spectrometer was a 60° sector field instrument of 
6-in. radius of curvature, and the spectra were re- 
corded by varying the magnetic field at a constant 
ion-accelerating voltage. 

In the second method used the sample was in a 
reservoir held at a temperature that completely va- 


| porized it and the vapor passed through a pinhole 


2 Figures in brackets indicate the literature references at the end of this paper. 
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The sample was 
) 


leak into the mass spectrometer. 
introduced through a gallium-sealed v~'ve into a 2- 
liter reservoir held at 300° C. A 180° Consolidated 
vas analysis mass spectrometer recorded the spec- 
trum by varying the ion-accelerating voltage. This 
is a standard method of analysis developed by O’ Neal 
[4], and it could be made quantitative if pure com- 
pounds were available for calibration. 


3. Experimental Results 


3.1. Aliphatic Fractions 


Samples from St. Bernard and from London were 
run in the tube-furnace mass spectrometer. The 
spectra show a long sequence of mass peaks with 
ions containing from 1 to 40 carbon atoms, and in 
general the intensity decreases progressively from 
the C, group to the upper limit. The upper limit 
increases as the temperature is increased. Thus in 


the St. Bernard sample with the furnace at 83° C 
the spectrum extended to mass 404, C.,H,,. At 125° 
C, the limit was mass 500, CyH,e: and at 163° C 


the limit was mass 540, CyH+. In the lower and 
intermediate mass range, ions of formulas C,Ho,4,, 
C,,H2,_;, and C,H», _, are the more abundant ions. 
In the London sample alkyl radical ions, C,H2,.;, 
are more abundant than in the St. Bernard 
sample. These mass spectra are not reported in de- 
tail, as they give no specific evidence as to the chem- 
ical composition, 


3.2. Aromatic Fractions 


The aromatic fractions were run both in the tube- 
furnace mass spectrometer and in the mass spectrom- 


eter with a heated reservoir. In contrast to the 
aliphatic samples, when the aromatic samples are 
slowly evaporated from the tube furnace there are 


striking changes in the mass spectrum as the tem- 
perature is increased step by step. 

Table 1 lists the larger mass peaks in the mass 
spectra of the aromatic fraction from London smoke. 


TABLE 1 Nelected peaks in the mass spectra of the London 
aromatic traction 
spect DD 
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In the tube-furnace experiment, 25 spectra 
were recorded over a period of 6 day s. In Columns 
2 to 6 of table 1 the larger peaks in five of these 
spectra are listed. The sample reached a tempera. 
ture of 62° C without external heating, and the tem. 
perature was increased stepwise to 488° C, but there 
were no significant changes above 326° C. There 
were small peaks at almost every mass number, and 
the upper mass limit ranged from 330 at 62° C to 
over 600 at the higher temperatures. The Upper 
mass limits of the spectra are given in the last row 
of the table. Columns 2 to 6 give ion currents jp 
units of seale divisions on the most sensitive scale 
used. The last column gives the mass spectrum of 
the vapor in a reservoir at about 300° C, and ion 
currents are relative to mass 202 taken as 100. 

Table 2 gives mass spectra obtained with the S| 
Bernard aromatic fraction. The arrangement of 
data is the same as in table 1, and the same mass 
peaks are reported. In this experiment, 19 spectra 
were recorded over a period of 5 days. Spectra a 6. 
9, and 12 were obtained on successive days, and 13 
was recorded on the same day as 12. In the St 
Bernard sample the ions of mass 105, 119, and 145 
are more abundant than in the London sample. In 
other respects the spectra are similar. 


Mass 


TABI E 2 Selected peaks in the mass spectra of the St Berna | 
aromatic traction 
Spectrum num ple temperatures 
No. 2 No. ¢ No.4 No. 12 No. 13 Reservo 
ns 74° LIS ¢ 14 c 211° C 200° C 
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An experiment was tried with the London aro- 


matic sample, using an ionizing voltage near the 
threshold for molecular ionization. The heated- 
reservoir Mass spectrometer was used, and the results 
are presented in table 3. The ionizing voltage was 
at 10 v, but the corrected voltage is probably 
about 12 v. The sensitivity was low but usable, as 
the most abundant ion of mass 202 gave a current 
of 60 seale divisions. All ions lighter than 167 were 
absent, and the only ions of odd mass number apart 
from C™ isotope peaks are 167, ISI, 195, and 209. 
This indicates that fragment ions have been largely 
eliminated from the spectrum, and the remaining 
ions of even mass number are probably molecule ions 


set 
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TABLE 3 Mass spectrum of London aromatic fraction at 10-1 
ionizing voltage 
Hleated-reservoir Mass spectrometet 
Relative Possible nieé Relative Possible 
abundance identification ibundance identification 
r 0 222 16.2 CasBae 
171 11 224 22. € C\;H 
178 64, 6 C,H 
os 7.8 CH 226) 17.5 CyH 
1x] 16. ¢ 228 21,4 C\sH), 
: 230 19. 6 CisHis 
82 4.2 CH 23 27.1 CyxsH 
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yun) uu 
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on 10.8 ( H 244 10.8 CyoH 
202 100, 0 C,H = 
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4. Discussion 


In table 1 the most abundant ions in spectra 2, 
5. 10, 12, and 13 are at masses 202, 228, 252, 276, 
and respectively These could be fused-ring 
aromatics pyrene, C,H; naphthacene, C).Hy:; 
benzpyrenes, CyoH,.; anthanthrene, CH; and 
benzanthanthrene, C.,H,,; or isomers of these com- 
pounds. In each case doubly-charged molecule ions 
are conspicuous, and spectra are consistent with the 
mass spectra of fused-ring aromatics published in 
the American Petroleum Institute tables of Mass 
Spectral Data [1]. Table 4 lists possible identifica- 
tions of most of the peaks listed in tables 1 and 2. 
This table repeats from tables 1 and 2 the relative 
intensities as recorded by the heated-reservoir mass 
spectrometer. There are alternative explanations of 
many of these peaks, and results do not prove that 
all these peaks are fused-ring polycyclic aromatics. 
The list includes compounds with 3 to 7 fused six- 
membered rings, and in most instances there are 
several isomeric compounds of each mass number. 
Mass spectra of isomeric aromatics are in general 
quite similar, and it is not feasible to distinguish 
between Mass peaks 105, 119, and 145 
are fragment ions from alkyl benzenes. These peaks, 
in contrast to the others in table 1, remain of com- 
parable intensity as the temperature changes. This 
indicates that the fragment ions come from com- 
pounds with a wide range of molecular weights. 

The mass spectra of the Bernard aromatic 
sample in table 2 are qualitatively like the London 
sample in table 1. The most conspicious difference 
is that the alkylbenzene fragment ions 105, 119, and 
145 are much more abundant in the St. Bernard 
fraction. Also the ion of mass 302 is more abundant 
and is the most abundant ion in spectrum number 12 

A comparison of the two samples can be made by 


326, 


isomers. 


St. 


TABLE 4. Possible identifications of polycyclic aromatics 
A bundance 
mie Formulas Compounds 
London St. Bernard 

178 CyH 72.0 40.0 Anthracene 

202 CH 100. 0 100, 0 Pyrene 

216 CyrH 26.1 28.9 Benzanthrene 

228 CisH 23. 0 34. 6 Naphthacene, etc 

252 CoH), 27.0 20.2 Benzpyrenes, etc 

276 CeHy 16,8 14.0 Anthanthrene, etc 

278 CyH 7.2 7.9 Dibenzanthracenes, ete 
300 CaH 4.3 &.9 Coronene. 

302 CyH 8 10.7 Dibenzpyrenes, ete 
$26 CoH 1.¢ 4.0 Benzanthanthrenes 
328 CoH 1.3 4.7 Anthraceno anthracen: 


comparing mass spectra obtained with the reservoir 
mass spectrometer in table 4. 

In comparing spectra obtained with the tube- 
furnace mass spectrometer and the reservoir mass 
spectrometer it is to be noted that sensitivity of the 
former instrument operated at constant voltage in- 
creases as the molecular weight increases. The sen- 
sitivity of the other instrument operated at constant 
magnetic field tends to decrease. A recent paper 
reports a quantitative measurement of a known mix- 
ture of polyphenyls made with the tube-furnace 
spectrometer [3]. 

The low-voltage mass spectrum of table 3  pre- 
sumably records molecule ions (except for the four 
peaks of odd mass number). The boldfaced mass 
peaks are peaks listed in tables 1 and 2 and are 
ascribed to fused-ring aromatics. The other peaks 
are interpreted as molecules derived by adding hy- 
drogen or methyl radicals to these aromatics. The 
empirical formulas in the last column are derived on 
this assumption, but there are in most cases alterna- 
tive possibilities. Because of the low sensitivity at 
low voltage, ions heavier than 276 were not detected 
in this experiment. 


5. Conclusions 


Results of table 3 indicate that there are at least 
39 molecule ions in the limited mass range from 178 
to 276 that is covered. The aromatic residues re- 
covered from air are very complicated mixtures, and 
it is of interest that when these mixtures are slowly 
evaporated from the tube furnace, a few of the fused- 
ring compounds stand out conspicuously and can be 
identified. This is because the slow evaporation 
affords an effective fractionation of the mixture and 
because the mass spectrometer has exceptionally high 
sensitivity for fused-ring aromatic molecule ions. 

The occurence of these fused-ring aromatics in 
smoky air is a matter of significance because some 
compounds of this class are carcinogenic.  3,4- 
Benzpyrene and 1,2-5,6-dibenzanthracene are known 
to be strongly carcinogenic [5], and it was recently 
found [6] that 3,4-9,10-dibenzpyrene is one of the 
most potent of the carcinogenic agents. Several 
other fused-ring aromatics are considered to be car- 
cinogenic, and some alkyl derivatives are strongly 


carcinogenic. 
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Benzpyrenes of molecular weight 252 give the most 
abundant molecule ion in spectrum 10 of table 1 and 
spectrum 9 of table 2. Dibenzpyrenes and other 
somers of molecular weight 302 become most abun- 
dant in spectrum 12 of table 2, and dibenzanthracenes 
of molecular weight 278 are of comparable abun- 
dance. Although the mass spectra cannot distin- 
guish between isomers, results indicate that car- 
cinogenic compounds are probably present in 
appreciable quantities in smoky air. The formation 
of fused-ring aromatics seems to be associated with 
the formation of smoke when either solid or liquid 
fuels are burned [7]. 
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